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The Optoelectronic Properties of Surface-Modified Semiconductor Nanocrystal
Solids
Abstract
Colloidal semiconductor nanocrystals have emerged as fascinating new materials and gained interest in
the last 30 years because of their size, shape, and compositionally tunable electronic and optical
properties as well as their potential to serve as artificial atoms. Challenges and opportunities have arisen
when assembling nanocrystals into nanocrystal solids for electronic and optoelectronic applications,
largely because of the significant influence of nanocrystal surface chemistry on the electronic, optical,
and structural properties of nanocrystal solids. In order to assemble nanocrystal solids for high
performance devices, we must understand and be able to control the effects of nanocrystal surface
organic capping ligands, non-stoichiometry, and impurity doping on the electronic and optoelectronic
properties of the nanocrystal solids.
Here, we show that exposing CdSe nanocrystals to methanol removes oleic acid capping ligands and/or
Cd ions from the nanocrystal surface, introducing mid-band-gap trap states that are recombination
centers for photogenerated electron/hole pairs. Using photoluminescence spectroscopy and
photoconductivity measurements we illustrate that these trap states have the adverse effects of
decreased photoluminescence quantum yield and lifetime and decreased photoconductivity. Treatment
with CdCl2 fills these traps states, realizing a significant increase in photocurrent magnitude and lifetime.
We present examples of intentional nanocrystal surface chemical modifications: non-stoichiometry
doping of PbSe nanocrystals by surface enrichment with excess Pb or Se, and surface impurity doping
and passivation of CdSe nanocrystals by thermal diffusion of indium. We demonstrate how these
modifications shift the Fermi level of the PbSe or CdSe nanocrystal solid through the density of electronic
states of the valence band (PbSe nanocrystal solid only), mid-gap, and the conduction band. Using field
effect transistor and flash-photolysis time-resolved microwave conductivity measurements we show that
control of the Fermi level can be used to effectively tailor the charge carrier polarity (PbSe nanocrystal
solid only), mobility, and lifetime. We find that Se-rich PbSe and non-indium treated CdSe nanocrystals
have a greater tendency to fuse with nearest neighbor nanocrystals than do Pb-rich PbSe and indiumtreated CdSe nanocrystals. Finally, we present a flexible, robust method for assembling nanocrystals into
high quality, ordered (in some cases superlattices), uniform nanocrystal solids for application in
electronic and optoelectronic devices.
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ABSTRACT

THE OPTOELECTRONIC PROPERTIES OF SURFACE-MODIFIED
SEMICONDUCTOR NANOCRYSTAL SOLIDS
Earl D. Goodwin
Cherie R. Kagan

Colloidal semiconductor nanocrystals have emerged as fascinating new materials
and gained interest in the last 30 years because of their size, shape, and compositionally
tunable electronic and optical properties as well as their potential to serve as artificial
atoms. Challenges and opportunities have arisen when assembling nanocrystals into
nanocrystal solids for electronic and optoelectronic applications, largely because of the
significant influence of nanocrystal surface chemistry on the electronic, optical, and
structural properties of nanocrystal solids. In order to assemble nanocrystal solids for
high performance devices, we must understand and be able to control the effects of
nanocrystal surface organic capping ligands, non-stoichiometry, and impurity doping on
the electronic and optoelectronic properties of the nanocrystal solids.
Here, we show that exposing CdSe nanocrystals to methanol removes oleic acid
capping ligands and/or Cd ions from the nanocrystal surface, introducing mid-band-gap
trap states that are recombination centers for photogenerated electron/hole pairs. Using
photoluminescence spectroscopy and photoconductivity measurements we illustrate that
these trap states have the adverse effects of decreased photoluminescence quantum yield
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and lifetime and decreased photoconductivity. Treatment with CdCl2 fills these traps
states, realizing a significant increase in photocurrent magnitude and lifetime. We present
examples of intentional nanocrystal surface chemical modifications: non-stoichiometry
doping of PbSe nanocrystals by surface enrichment with excess Pb or Se, and surface
impurity doping and passivation of CdSe nanocrystals by thermal diffusion of indium.
We demonstrate how these modifications shift the Fermi level of the PbSe or CdSe
nanocrystal solid through the density of electronic states of the valence band (PbSe
nanocrystal solid only), mid-gap, and the conduction band. Using field effect transistor
and flash-photolysis time-resolved microwave conductivity measurements we show that
control of the Fermi level can be used to effectively tailor the charge carrier polarity
(PbSe nanocrystal solid only), mobility, and lifetime. We find that Se-rich PbSe and nonindium treated CdSe nanocrystals have a greater tendency to fuse with nearest neighbor
nanocrystals than do Pb-rich PbSe and indium-treated CdSe nanocrystals. Finally, we
present a flexible, robust method for assembling nanocrystals into high quality, ordered
(in some cases superlattices), uniform nanocrystal solids for application in electronic and
optoelectronic devices.
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CHAPTER 1 Introduction
1.1 Background and Introduction
Colloidal semiconductor nanocrystals (NCs) are of current interest for their size,
shape, and compositionally tunable electronic, optical, and thermal properties1–4 as well
as the simple and low-cost, solution-based methods available to synthesize NCs and
assemble NC solids. For example, NC solids have been incorporated as the
semiconductor active layer in electronic transistors and circuits

5–9

; optoelectronic solar

photovoltaics10–15, photodetectors16–19, and light-emitting diodes20,21; and thermoelectric
devices22. The physical and electronic structure of colloidal NC solids differ from those
of bulk semiconductors, presenting both challenges and opportunities. Synthetic methods
that readily produce monodisperse, crystalline, and stable NC dispersions commonly
depend on a variety of long-chain organic surfactants as ligands to mediate NC growth
and disperse the NCs in organic solvents. To isolate the NCs from the growth medium
and remove excess surfactant, the NC synthesis products are washed using a polar
organic anti-solvent, often a short-chain alcohol.
Upon assembling the NCs into the solid state, the long organic ligands keep the
NCs spaced far apart and prevent the electronic coupling necessary for electronic and
optoelectronic device application. So the long-insulating ligands must be removed and/or
replaced by a ligand exchange reaction, either in solution (forming dispersions of NCs
treated with the new ligand) or after assembly in the NC solid, to reduce the spacing
between neighboring NCs and thereby increase charge carrier transport. Solid-state
1

ligand treatments have been performed using short chain thiols23,24 and amines,19,25,26
small organic acids,27,28,29,30 Meerwein’s salt,31 NH4SCN,6,32,33 and other inorganic
anions,34,35 while solution state treatments have been carried out using inorganic ions,36
pyridine,37,38 t-butylthiol,39 Meerwein’s salt,31 molecular-metal-chalcogenides (MMCs),40
and NH4SCN.33,41 Recently efforts have been concentrated on the inorganic agents, for
example, metal chalcogenides9,40,42–44 and halides.11,42,43,45
Our group introduced the polyatomic anion thiocyanate (SCN) as a NC ligand as
part of a quick, simple, and environmentally benign solid-state or solution ligand
treatment to greatly increase electronic coupling in NC solids.33 After treatment, any
remaining SCN moieties are easily decomposed to sulfide46 by heating at mild
temperatures to further strengthen electronic coupling.41 CdSe, PbS, and PbSe NCs
treated with NH4SCN have been integrated into high-performance field-effect transistors
(FETs),6,41,47 and NH4SCN-treated CdSe NCs have been assembled into integrated
circuits.7 NH4SCN-treated CdSe NCs have also been fabricated into photodetectors.33
The electronic and optoelectronic properties of NC solids are highly sensitive to
NC composition and surface chemistry, making it essential to have accurate knowledge
and control of these NC characteristics for comprehensive device studies. It has long been
known that exposing surfactant-capped NCs to solvents, such as is done during NC
washing, can remove surfactant molecules and thereby reduce the photoluminescence
(PL) quantum yield (QY), but it has been shown recently by Hassinen et. al.48 that this
effect on NC surface chemistry is enhanced for protic versus aprotic solvents. Similarly,
Kirmani et. al.49 and Ning et. al.50 have shown that when used as a ligand exchange
2

solvent, methanol can remove passivating atomic chlorine from the surface of PbS NCs.
In addition, Anderson et. al.51 have shown that carboxylate-metal complexes can leave
the NC surface in the presence of Lewis bases, changing the NC composition. There is
increased recognition that the solvents selected for NC washing and ligand exchange
reactions impact the NC surface chemistry and therefore ultimately affect the electronic
and optoelectronic properties of NC solids.
To best design NCs and NC solids for integration into devices, the electronic
structure and the charge carrier dynamics, namely the carrier mobility and lifetime, of the
NCs and NC solids must be tailored. Unlike bulk semiconductors with well-defined
conduction and valence bands separated by a forbidden energy gap, the density of
electronic states for NC solids is constructed from a high density of quantized conduction
and valence band states (or LUMO and HOMO) and localized mid-gap and tail states
introduced by vacancies at the NC surface and by interfacial states introduced in
electronic devices used to probe carrier transport. These mid-gap electronic states are
undesirable and act as traps which inhibit charge carrier transport5 and limit carrier
lifetime15. Infilling the NC solid with an inorganic matrix by atomic layer deposition has
been shown to passivate the NC surface and increase the carrier mobility and lifetime52,53.
Recent introduction of surface chemical modifications have been reported to enrich the
NC surface in metal and/or chalcogen or halide ions43,45,54–57 that serve to dope the NC
solids and passivate surface traps, controlling the charge carrier type, concentration,
mobility, and lifetime.
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1.2 Outline of Thesis
The goal of this thesis is to investigate the influence of semiconductor NC surface
chemistry on the electronic and optoelectronic properties of NC solids to better
understand how to tailor these properties for applications in optoelectronic devices. In
Chapter 2 we show that the exposure of CdSe NCs to methanol in post-synthesis NC
purification and/or ligand exchange removes organic ligands and/or Cd atoms from the
NC surface, introducing surface defects that serve as mid-band-gap trap states and
decrease the photogenerated charge carrier lifetime. We demonstrate that the defects are
healed and the carrier lifetime is increased by treating the CdSe NC solids with a CdCl2
solution.
In Chapter 3 we discuss the theory and experimental details of the flashphotolysis, time-resolved microwave conductivity (TRMC) instrument built as part of
this thesis to study the mobility and lifetime of photogenerated charge carriers in surfacemodified, semiconductor NC solids. TRMC measurements are particularly interesting
because mobility and lifetime are determined independent of each other, no metalsemiconductor junctions are necessary, and charges are probed on a local scale, reducing
the effects of macro-features like film cracks and grain boundaries.
In Chapter 4 we use Na2Se and PbCl2 treatments to modify the surface of PbSe
NC solids, making them Se- and Pb-rich, respectively, while also p-doping and n-doping
them, respectively. TRMC and FET measurements are performed on the surface modified
PbSe NC solids to study the carrier concentration, mobility and lifetime. We demonstrate
4

that surface non-stoichiometry in NC solids can be used to tailor the Fermi level from
near the valence band, through mid-gap, to near the conduction band and that as the
Fermi level gets closer to either the valence or conduction band edge, the corresponding
charge concentration increases and photogenerated carrier mobility increases.
In Chapter 5 we use the thermal diffusion of indium to passivate and dope the
surface of NH4SCN-treated CdSe NC solids. We show that the amount of surface doping
can be precisely controlled to thereby regulate the carrier concentration in NC solids and
shift the Fermi level toward and into the conduction band density of states. As the Fermi
level is tuned in the NC solid, we use TRMC measurements to demonstrate that surface
doping serves to passivate surface trap sites and increase the photogenerated charge
carrier mobility and lifetime in NC solids. We show a further increase in photogenerated
carrier mobility and lifetime as the NC solid reaches the degenerately-doped limit.
In Chapter 6 we develop a procedure using the popular deposition method of dip
coating

to

assemble

high-quality,

large-scale,

uniform,

electronically

and

optoelectronically active CdSe, CdTe, and PbSe NC solids. We show that the NC solids
are continuous and crack free, with significant electronic coupling between neighboring
NCs, yielding electronically relevant materials for devices. We illustrate the electronic
and optoelectronic activity of the NC solids by successfully assembling them into fieldeffect transistor and photoconductor devices. By assembling NC solids of differently
sized CdSe, CdTe, and PbSe NCs, we show that this process is flexible and may be
extended to other NC materials. We also demonstrate nanoscale order in the dip coated
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NC solids and extend that to the assembly of large-scale PbSe single-component NC
superlattices and PbSe and PbS binary NC superlattices.
In Chapter 7 we use dip coating to assemble CdSe NC solids with the benign
NH4Cl ligand exchange and integrate those NC solids with PbS NC solids into bilayer
solar photovoltaics. We show an enhancement in the power-conversion-efficiency of
solar cells with a CdSe NC:PbS NC bilayer structure compared to PbS NC-only solar
cells. Also in Chapter 7 we expand upon the methods, materials, and results presented in
Chapters 2-6 in three future directions: 1) Using admittance spectroscopy to quantify the
influence of NC surface chemistry on mid-gap trap state energy and density, 2)
Combining solution- and solid-state NH4SCN ligand exchange reactions to realize
increased electron transport in CdSe NC solids spincast from NC dispersions of increased
stability, and 3) Using TRMC and time-resolved terahertz spectroscopy to probe
photogenerated charge carrier dynamics over multiple timescales.
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CHAPTER 2 The Effects of Post-Synthesis Processing on CdSe Nanocrystals and
Their Solids: Correlation between Surface Chemistry and Optoelectronic Properties
In this chapter we quantitatively demonstrate how select solvents impact CdSe
NC surface chemistry during post-synthesis washing and ligand exchange reactions.
Acetone and methanol have been chosen for this study as model aprotic and protic
solvents, respectively, since it has been shown previously1 that this distinction affects NC
ligand coverage. Ammonium thiocyanate (NH4SCN), introduced by our group and shown
to produce highly conductive NC solids and to act as a vibrational reporter of NC surface
metal sites,2,3 is chosen as the ligand exchange agent. We study the ligand coverage by IR
spectroscopy and correlate it with PL spectroscopy for CdSe NCs washed using either
acetone or methanol exclusively as the anti-solvent during post-synthesis washing. Next,
solid-state NH4SCN ligand exchanges are performed on CdSe NC solids in either acetone
or methanol and the resultant surface chemistry is studied. We correlate these changes in
NC surface chemistry with NC solid photoconductivity and show higher photocurrents
are realized with increased ligand and metal passivation of the NC surfaces. In particular,
methanol, the more commonly used anti-solvent in NC washing, and NH4SCN ligand
exchange reactions carried out in methanol, create Cd vacancies, which introduce
electronic trap states on the NC surface. We passivate those trap states by repairing the
NC surface with Cd through a CdCl2 treatment in acetone and observe an enhancement in

Much of this chapter appears in print: Adapted with permission from E. D. Goodwin, B. T. Diroll,
S. J. Oh, T. Paik, C. B. Murray, and C. R. Kagan, J. Phys. Chem. C, 2014, 118 (46), 27097–
27105. Copyright 2014 American Chemical Society.
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NC solid photocurrent, independent of the solvent used previously in the wash or ligand
exchange steps.
2.1 Materials and Methods
Materials. Oleic acid (90%), selenium powder (99.99%), oleylamine (70%), and
ammonium thiocyanate (NH4SCN) (99+%) are purchased from Sigma Aldrich. The
NH4SCN is recrystallized in methanol under nitrogen and stored in a nitrogen-filled
glovebox. CdCl2 (99.99% trace metals basis) and (3-mercaptopropyl)-trimethoxysilane
(MPTS) (95%) are purchased from Sigma-Aldrich. Cadmium oxide (99.99%) is
purchased from Strem. Anhydrous methanol, hexane, and octane are purchased from
Sigma-Aldrich. Octadecene (90%), toluene (99.85%, Extra Dry), and extra dry acetone
(99.8%) are purchased from Acros Organics.
CdSe NC Synthesis and Wash. 7.5 nm diameter, zinc blende, CdSe NCs are synthesized
following a literature recipe with modifications.4 77 mg CdO is dissolved with 275 mg
myristic acid in 37 mL octadecene at 250 ºC, then cooled to 100 ºC and evacuated for 30
min. 24 mg selenium powder is added under nitrogen flow and the flask evacuated an
additional 10 min. The reaction is heated to 240 ºC and held for 3 min at that temperature.
Then a dried solution of 1 mL oleylamine, 1 mL oleic acid, and 4 mL octadecene is
injected into the reaction at 1 mL/min. The reaction is maintained at 240 ºC for 30 min
following this injection and produces 4 nm CdSe NCs. To obtain the larger 7.5 nm
diameter NCs used in this study, the reaction flask is heated to 280 ºC and an additional
mixture of 36 mL of 1:1 by moles (1:5 by volume) of 0.5 M Cd-oleate in oleic acid and
12

0.1 M Se dissolved in octadecene is added at 0.2 mL/min at 280 ºC. The reaction is then
cooled to room temperature.
NCs are purified in a nitrogen-filled glovebox first by precipitating the crude
reaction mixture with either acetone or methanol and centrifuging for 5 min at 8000 rpm.
Then, two cycles of NC redispersion in toluene and precipitation again with the same
anti-solvent are performed. These multiple washings in anti-solvent are done carefully to
ensure complete removal of unreacted Cd precursor. The NCs are then dispersed in
hexanes. For brevity in this chapter CdSe NCs washed with acetone during purification
will be referred to as AW (for acetone wash) and those washed with methanol will be
referred to as MW (for methanol wash).
Solution phase optical measurements. UV-Vis absorption spectra of dilute AW or MW
CdSe NCs in hexane are taken in air on a Cary 5000 spectrophotometer at 2 nm spectral
bandwidth. The same samples are then transferred to a FluoroLog-3 Horiba Jobin-Yvon
spectrofluorometer with a Si PMT detector for photoluminescence (PL) and timecorrelated single-photon counting (TCSPC) measurements. PL measurements are made
with 450 nm excitation, 1 nm spectral slit widths, and 1 s integration time. TCSPC
measurements are carried out by excitation with a 405 nm Picoquant pulsed diode laser
and collection at the NC PL peak (651 nm) using 2 nm spectral slit widths and a Si PMT
detector connected to a Horiba Jobin-Yvon single photon counting controller
(Fluorohub). To extract PL lifetimes TCSPC data is fit by non-linear least squares
regression to the sum of two exponential decays.
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NC Solid Assembly and Treatments. AW or MW CdSe NCs in octane are spincast in a
nitrogen glovebox as a single layer at 500 rpm for 30 s, then 800 rpm for 30 s onto
substrates that are treated with a self-assembled monolayer (SAM) of (3mercaptopropyl)-trimethoxysilane (MPTS) according to modified literature procedures.5
Substrates are cleaned by ultrasonication in 5% detergent in DI water, DI water, 1 M
hydrochloric acid, and ethanol before being dried in an oven at 100 °C for at least 60 min.
Substrates are then immersed in a 5% MPTS in anhydrous toluene solution, sealed, and
left for at least 16 hrs to allow for self-assembly. Coated substrates are removed from the
MPTS solution and rinsed by ultrasonication 3x each with toluene and ethanol. All
substrate preparation is carried out in air. NC solid assembly and processing is performed
in a nitrogen glovebox. The NH4SCN ligand exchange reaction is carried out by soaking
the NC solids in the exchange solution for 2 min, followed by two 30 s soaks in pure
solvent to rinse away excess NH4SCN. 10 mg/mL NH4SCN in acetone is used for
acetone exchange of NC solids (AEX). 400 mg/mL NH4SCN in methanol is used for
methanol exchange of NC solids (MEX). Concentrations were chosen to maximize
organic ligand removal and replacement by SCN [see Figure 2-1 and Section 2.2 below
for details and discussion of the NH4SCN exchange concentration dependence in acetone
and methanol]. Note that NH4SCN concentrations in this chapter are mg solute/mL
solvent for experimental ease, with the volume of a solution prepared at the high solute
concentration of 400 mg of NH4SCN and 1 mL of methanol rising to 1.3 mL upon
mixing. Four wash/exchange solvent combinations are studied in this chapter: CdSe NCs
washed with acetone and exchanged in acetone (AWAEX), NCs washed with acetone and
exchanged in methanol (AWMEX), NCs washed with methanol and exchanged in acetone
14

(MWAEX), and NCs washed with methanol and exchanged in methanol (MWMEX). For
CdCl2 treatment, NC solids are soaked for 10 min in a saturated solution of CdCl2 in
acetone made by stirring excess CdCl2 in acetone for 10 min, followed by two 1 min
soaks in pure acetone to remove excess CdCl2. The solubility of CdCl2 in acetone is
found to be <0.1 mg/mL. In continuation of the naming structure above, references to NC
solids treated in CdCl2 are appended with Cd (i.e. AWAEXCd).
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Figure 2-1. Normalized transmission IR absorption spectra of CdSe NC solids (a)
AWAEX, (b) AWMEX, (c) MWAEX, and (d) MWMEX that have been ligand exchanged with
varying concentrations of NH4SCN. Insets: Close ups of C≡N stretching region. In AEX
NC solids [(a) and (c)] C-H and C≡N stretching peaks are independent of NH4SCN
concentration. In MEX NC solids [(b) and (d)] C-H and C≡N stretching peaks decrease
and increase, respectively, with increasing NH4SCN concentration. Data is smoothed (3
point adjacent averaging) for clarity.

NC Solid Characterization and Optoelectronic Measurements. For current versus
electric field measurements and UV-Vis diffuse reflectance measurements, NC solids are
deposited on MPTS-treated aluminosilicate float glass substrates and then sealed under
cover glass and epoxy for removal from the glovebox for measurement. The thicknesses
of the NC solids for current versus electric field measurements are controlled to keep a
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uniform absorption of the excitation across all NC solids. For current versus electric field
measurements, the substrates have bottom-contact Cr (4 nm) and Au (20 nm) electrodes
with gaps varying from 40-200 μm and widths fixed at 15x the gap length. The electrodes
are defined by thermal evaporation through a shadow mask in a glovebox integrated
evaporator. Photocurrent measurements are performed with illumination from the 488 nm
line of an Innova 70C Spectrum Coherent Ar:Kr laser, with the intensity at the sample
controlled

to

be

30

mW/cm2

by

neutral

density

filters.

Current/voltage

measurement/supply is performed using a model 6517B Keithley electrometer. UV-Vis
absorption spectra are collected in diffuse reflectance mode to account for scattering with
a Harrick Praying Mantis attachment on a Cary 5000 spectrophotometer at 2 nm spectral
bandwidth. To determine the wavelength and width (FWHM) of the first absorption
maximum, each spectrum is fit by non-linear least squares regression to the sum of four
Gaussian peaks and the position and width of the first Gaussian peak is taken as the
position and width of the first absorption maximum.
For infrared (IR) absorption measurements and energy dispersive x-ray
measurements (EDX), NC solids are assembled on MPTS-treated, double-side polished
or degenerately-doped Si wafers with native SiO2. NC solids are simultaneously
assembled on MPTS-treated aluminosilicate float glass for visible absorption
measurements to normalize the IR spectra. Transmission IR absorption measurements are
made in air on a model 6700 Thermo-Fisher Fourier transform infrared (FTIR)
spectrometer with a spectral resolution of 4 cm-1. EDX measurements are carried out
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under vacuum in a JEOL 7500F HRSEM operating at a 5.0 kV accelerating voltage and
collected with an energy dispersive spectrometer from Oxford Instruments.
Transmission electron microscopy images are taken using a JEOL 2100
microscope operating at 200 keV. Samples for TEM measurements are prepared
following the above procedures for dilute (monolayer) dropcast NC solids.
2.2 Surface Chemistry Effects of CdSe Nanocrystal Purification and Ligand
Exchange
To compare the organic ligand surface coverage of CdSe NCs washed using
methanol (MW) or acetone (AW) as the anti-solvent, IR absorption measurements are
made on NC solid samples, as shown in Figure 2-2a, highlighting the C-H stretching
region. MW NCs have 70-80% fewer surface bound organic ligands than AW NCs. A
decreased ligand shell on MW NCs compared to AW NCs is consistent with a slight
decrease in interparticle spacing when these NCs are cast into a solid, as observed in
HRTEM images [Figure 2-3]. The removal of organic ligands by methanol is consistent
with the following reaction proposed and observed previously.1

(2.1)
UV-Vis transmission spectra are taken of AW and MW NCs in solution to look for effects
of the anti-solvents on NC size and monodispersity [Figure 2-2b]. However, no large
effects are seen, only slight losses in the definition of the 2nd and 4th absorption peaks for
MW NC samples. PL and TCSPC measurements of AW and MW NCs, shown in Figures
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2-2c,d, show a 90% lower PL QY and shorter PL lifetimes of 1.54 ns and 11.5 ns for MW
NCs compared to the QY and lifetimes of 3.27 ns and 21.0 ns for AW NCs. The decrease
in PL QY and lifetime is reflective of the significant decrease in organic ligand
coverage6–8 through equation 2.1, as reported previously.1 The decrease in PL QY is also
consistent with the previously reported loss of organic-Cd complexes in the presence of
Lewis bases, such as methanol, which has been shown to act as an L-type Lewis base,9
suggesting that surface Cd is removed from the NCs during methanol washing as well, a
phenomenon that is discussed below. Taking previous literature into consideration, we
present the removal of Cd from the CdSe NC surface during methanol washing through
the following equation in which the anion Y may be methoxide or an organic anion.

Y  QD  Cd M SeN  
Y  Cd   QD Cd M 1SeN 


19



(2.2)

(a)
absorbance (a.u.)

absorbance (a.u.)

(b)

2700

2800

2900

3000

450

3100

-1

wavenumber (cm )

700

(d)

(c)
PL decay

PL (counts)

500 550 600 650
wavelength (nm)

600

625 650 675
wavelength (nm)

0

700

10 20 30 40 50 60 70
time (ns)

Figure 2-2. (a) Normalized transmission IR spectra, showing the C-H stretching region,
(b) transmission UV-Vis spectra (offset for clarity), (c) photoluminescence (PL) emission
spectra, and (d) PL decays and non-linear least squares fits to a sum of two exponential
decays (green) for CdSe NCs washed with acetone, AW, (grey) or methanol, MW, (black)
during purification.

Ligand exchange reactions of AW and MW NC solids are performed with our
example compact, inorganic ligand treatment of NH4SCN for comparison in both acetone
and methanol to study the effects of solvents and ligand exchange on NC surface
chemistry and NC solid optoelectronic properties. The completion of an NH4SCN ligand
exchange is judged both by how many organic ligands remain and by how many
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thiocyanate (SCN) anions are bound to the NC surface. It is initially observed through IR
absorption measurements that for a similar concentration (10 mg/mL) of NH4SCN in
acetone or methanol, the reaction in methanol did not proceed as far toward completion.
That is, NC solids exchanged with NH4SCN in methanol had more remaining organic
ligand and less bound SCN than those exchanged with NH4SCN in acetone. Therefore we
study the concentration dependence of the NH4SCN exchange in both acetone and
methanol by IR absorption measurements [Figure 2-1]. The percentage of reaction
completion in acetone is independent of NH4SCN concentration, whereas in methanol the
reaction completion is greatest at/or near saturation (400 mg/mL; note again that
NH4SCN concentrations in this chapter are mg solute/mL solvent for experimental ease).
Even at concentrations near saturation, where SCN solubility in the methanol is not
driving SCN loss from the NC surface, the NH4SCN ligand exchange reaction in
methanol still leaves a CdSe NC surface with more remaining organic ligand and less
bound SCN than does the reaction in acetone at 10 mg/mL. This is consistent with a
reduced number of available surface Cd sites on the NC caused by remaining organic
ligand and the removal of surface Cd atoms by methanol, as SCN is shown to act as a
reporter of surface metal.2 This demonstrates the importance of solvent selection for
ligand exchange reactions and is in agreement with a previous observation that methanol
inhibits the re-addition of oleate anions to a CdSe NC surface.1 A reduced number of
surface Cd sites during the exchange reaction follows equation 2.2 above. Analogously,
Cd removal may also occur through the SCN anion by the following reaction.
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(2.3)
For the remainder of this chapter then, NH4SCN ligand exchanges in acetone (AEX) are
carried out at 10 mg/mL, and in methanol (MEX) at 400 mg/mL.
We study the permutations of NC wash and exchange solvents with acetone and
methanol to give four permutations, AWAEX, AWMEX, MWAEX, and MWMEX. Ligand
exchange in all four cases is successful in decreasing interparticle spacing, as seen in
HRTEM images [Figure 2-3]. To interrogate the NC surface chemistry of these samples
IR absorption spectra are taken, highlighting both the C-H and C≡N stretching regions
[Figure 2-4a]. These spectra are normalized to the amount of CdSe NCs by using the
optical density of the first excitonic resonance as measured by UV-Vis absorption
measurements. In Figure 2-4b the integrated absorption of the C-H and C≡N stretching
regions are plotted for the four NC solid wash and exchange solvent combinations. In
comparing the two exchange types within a wash set (AWAEX to AWMEX and MWAEX to
MWMEX) it is seen that more organic ligand remains and less SCN is bound to the NC
surface in MEX NC solids than in AEX NC solids. Specifically, MEX leaves 1.6-1.9x more
remaining ligand and introduces 1.2-1.8x less bound SCN than AEX. In comparing the
two wash sets within an exchange type (AWAEX to MWAEX and AWMEX to MWMEX) it is
seen that 4-6x less SCN is bound to the surface for MW samples. Again, this suggests that
the methanol used in NC washing and ligand exchange is reducing the number of
available Cd sites on the NC surface.
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Figure 2-3. HRTEM images of CdSe NC solid samples AW (grey), AWAEX (blue),
AWAEXCd (red), AWMEX (green), AWMEXCd (pink), MW (black), MWAEX (dark blue),
MWAEXCd (dark red), MWMEX (dark green), and MWMEXCd (purple). Notice the
smaller interparticle spacing in MW compared to AW.

To quantify the loss of surface Cd during washing and NH4SCN ligand exchange
using methanol, energy dispersive x-ray (EDX) measurements are performed on all the
NC solid samples. Example spectra are shown in Figure 2-5 and a full summary of
analyzed EDX results is presented below. Since the NC solids are studied as thin film
solids (approx. 40 nm), a relatively large Si signal from the substrate is present near the
Se Lα peak which causes a systematic underestimation of the amount of Se [Figure 2-5].
Therefore, EDX measurements performed on thick, dropcast AW and MW CdSe NC
solids are used to correct the systematic error in the calculated Cd:Se ratios of the
NH4SCN exchanged and CdCl2-treated CdSe NC solids discussed below. The raw and
corrected Cd:Se ratios are also presented in Table 2-1. Comparison between AW and MW
NC solids shows a decrease in the Cd:Se ratio for the MW NC solids (1.08 in MW versus
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1.19 in AW), further supporting that methanol washing removes Cd from the NC surface.
We note that the removal of a small number of Cd atoms at the surface of the NCs is
insufficient to shift the absorption or emission peak positions [Figures 2-2b,c]. The Cd:Se
ratio does not change for the AEX NC solids, but decreases further in the MEX NC solids
down to 0.99-1.05. Cd removal upon NH4SCN ligand exchange in methanol may occur
again through reactions 2.2 or 2.3, as discussed above.
CN

CH

absorbance (a.u.)

integrated absorption

(a)

2000 2100 2200 2800 2900 3000
-1
wavenumber (cm )

(b)

C-H
C N

AwAex AwMex MwAex MwMex

Figure 2-4. (a) Normalized transmission IR spectra of CdSe NC solid samples after
NH4SCN ligand exchange, showing the C≡N and C-H stretching regions, for AWAEX
(blue), AWMEX (green), MWAEX (dark blue), MWMEX (dark green). (b) Integrated
absorbance of the C-H stretching (left bar, solid color) and C ≡ N stretching (right bar,
cross hatched) regions from (a). Spectra are smoothed by 3-point adjacent averaging for
clarity. Note: AEX is carried out at 10 mg/mL NH4SCN in acetone, MEX at 400 mg/mL
NH4SCN in methanol.

We explore re-introducing surface Cd atoms through CdCl2 treatment to tailor the
NC surface chemistry and its impact on optoelectronic properties. CdCl2 treatment
yielding AWMEXCd, MWAEXCd, and MWMEXCd NC solids increases the Cd:Se ratio to
~1.14, however AWAEXCd increases the surface Cd more dramatically to a higher Cd:Se
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ratio of 1.29. We note the greatest Cd increase is seen in the AWAEX NC solid, suggesting
that exposure to methanol in either the NC wash or ligand exchange step also reduces the
number of available surface Se sites. Upon Cd removal the exposed, unstable surface Se
sites are likely to form bridging bonds to neighboring NCs, thereby decreasing both the
available Cd and Se sites on the NC surface, as seen previously in lead chalcogenide NC
solids.10,11
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Figure 2-5. Energy Dispersive X-ray (EDX) spectra of CdSe NC solid samples AW
(grey), AWAEX (blue), AWAEXCd (red), AWMEX (green), AWMEXCd (pink), MW (black),
MWAEX (dark blue), MWAEXCd (dark red), MWMEX (dark green), MWMEXCd (purple).
Insets: Close ups of Cd Lα peaks. All spectra are normalized to Se Lα peak and smoothed
(3 point adjacent averaging) for clarity. Notice the presence of a small Cl Kα peak in the
CdCl2 treated NC solids.
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NC solid

Cd:Se, thin
NC solid

Cd:Se, thick
NC solid

Cd:Se,
corrected

AW

1.63

1.19

-

AWAEX

1.62

-

1.18

AWAEXCd

1.76

-

1.29

AWMEX

1.44

-

1.05

AWMEXCd

1.59

-

1.16

MW

1.48

1.08

-

MWAEX

1.48

-

1.08

MWAEXCd

1.54

-

1.12

MWMEX

1.35

-

0.99

MWMEXCd

1.55

-

1.13

Table 2-1. Raw and corrected Cd:Se ratios for NC thin film solids measured by EDX.

To characterize the effect of different surface chemistries on NC electronic
coupling and band-edge electronic states, UV-Vis diffuse reflectance spectra are taken of
all NC solids [Figure 2-6a]. A slight red shift of 1 nm and broadening of 0.5 nm is
observed in the MW NC solid compared to the AW NC solids consistent with the shorter
interparticle spacing observed in HRTEM images [Figure 2-3]. A red shift and
broadening is seen in each NH4SCN-exchanged NC solid sample as expected from
decreased interparticle spacing [HRTEM images, Figure 2-3] and therefore increased
electronic coupling. AEX causes red shifts of 5-6 nm and broadening of ~2 nm, while
MEX caused red shifts of ~10 nm and broadening of 4-5 nm. The greater red shifts and
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broadening in MEX NC solids is consistent with increased coupling through 1) a smaller
interparticle spacing as less SCN is bound to the NC surface in the MEX NC solids and 2)
possible NC bridging (or “fusing”) driven by the instability of exposed surface Se sites
introduced upon the loss of Cd in methanol, as seen in lead chalcogenide NC solids.10,11 It
is interesting to note here that the extent of red shift and broadening seen in the MEX NC
solids is usually not seen in CdSe NC solids without annealing to ~200 °C or above,
resembling the “fused” state described by Norman, Anderson, and Owen,12 yet it is
realized here as a result of solvent and increased ligand exchange agent concentration.
This shows the choice of solvent and therefore surface chemistry is important to the
structure of NC solids and opens up an alternative route to annealing for creating highly
electronically-coupled NC solids.
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Figure 2-6. (a) UV-Vis diffuse reflectance spectra (offset for clarity) and (b)
photocurrent versus electric field at 30 mW/cm2 488 nm excitation of CdSe NC solid
samples AW (grey), AWAEX (blue), AWAEXCd (red), AWMEX (green), AWMEXCd (pink),
MW (black), MWAEX (dark blue), MWAEXCd (dark red), MWMEX (dark green),
MWMEXCd (purple). Inset: Schematic of photoconductivity sample and measurement
geometry.

Upon CdCl2 treatment the 1st absorption maxima experience a blue shift of ~3 nm
in the AEX NC solids and ~6 nm in the MEX NC solids. CdCl2 treatment also causes the
loss of SCN [IR spectra, Figure 2-7] and the introduction of Cl [EDX spectra, Figure 25]. The peaks also narrow by 1-2 nm. The blue shifts and narrowing are consistent with
an increase in quantum confinement from an increase in the electronic barrier height
upon replacing SCN with Cl, as Cl lacks the electron delocalizing multiple bonds of
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SCN, and/or passivation of the NC surface by Cd and Cl atoms that reduce NC fusion, a
phenomenon observed previously for lead chalcogenide NCs.10,13 Similar blue shifts are
seen when the NC solids are treated with tetrabutylammonium chloride (TBAC) in
acetone instead of CdCl2, as shown in Figure 2-8. This blue shift is not seen if the NC
solids are just immersed in acetone [Figure 2-9].

CN

CH

absorbance

a

b

2000 2100 2200 2800 2900 3000
-1

wavenumber (cm )
Figure 2-7. Transmission IR spectra of NC solid samples (a) AWAEXCd (red),
AWMEXCd (pink), and (b) MWAEXCd (dark red), MWMEXCd (purple), focused on the CH and C≡N stretching regions. Spectra are smoothed (3 point adjacent averaging) for
clarity.
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Figure 2-8. (a) UV-Vis diffuse reflectance spectra, 1st absorption maximum (b)
wavelength and (c) width, and (d) photocurrent versus electric field of CdSe NC solids
AWAEX (blue), AWAEXCl (red), AWMEX (green), AWMEXCl (pink), MWAEX (dark blue),
MWAEXCl (dark red), MWMEX (dark green), MWMEXCl (purple). -Cl suffix denotes
samples that have been treated in tetrabutylammonium chloride (TBAC). The slight blue
shifts seen in the UV-Vis spectra upon CdCl2 treatment are seen here with TBAC
treatment, suggesting that Cl passivation is responsible for the observed blue shifts. 1st
absorption peak positions and widths are calculated by fitting UV-Vis spectra with a nonlinear least squares regression to the sum of four Gaussian peaks. No photocurrent
enhancement is seen upon TBAC treatment like that seen upon CdCl2 treatment.

31

absorbance
560

600

640

680

720

wavelength (nm)
Figure 2-9. UV-Vis diffuse reflectance spectra of AWAEX (blue), AWAEXA (red),
AWMEX (green), AWMEXA (pink), MWAEX (dark blue), MWAEXA (dark red), MWMEX
(dark green), MWMEXA (purple). -A suffix denotes samples that have been treated in
acetone. No change is observed upon acetone treatment.
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2.3 Photoconductivity of Ligand-Exchanged and CdCl2-Treated CdSe Nanocrystal
Solids
To observe the effect of the differing NC surface chemistries on optoelectronic
properties, photocurrent versus electric field measurements are collected, as shown in the
bottom curves in Figure 2-6b. All NC solid photocurrents are 10-100x larger than their
dark currents [dark currents shown in Figure 2-10]. The photoconductivities are
calculated to be 1x10-6, 7e10-7, 5x10-7, and 3x10-7 S/cm for AWMEX, MWMEX, AWAEX,
and MWAEX NC solids, respectively. These photoconductivities are 10-100 times larger
than values reported previously for CdSe NC solids assembled and exchanged in the
solid-state with butylamine ligands and then measured under similar conditions.14 We
also note that photocurrent saturation is not observed in these NC solids at the electric
fields used in this chapter, similar to the previous measurements at comparable electric
fields. We have previously demonstrated NC solids assembled from solution-phase,
NH4SCN-exchanged CdSe NCs with photoconductivities of 10-5 S/cm.2 It is important to
note that NC solids assembled from solution-exchanged NCs do not experience the
volume loss during ligand exchange that solid-state-exchanged NC solids experience,
resulting in more continuous, more densely-packed NC solids. Multiple layers of NC
deposition and solid exchange can be implemented to infill that volume loss. However,
single layers are used in this chapter to understand mechanisms as multiple NC layers
lead the bottom NC layers to be exposed to multiple ligand exchange reactions.
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Figure 2-10. Dark current versus electric field of CdSe NC solids AWAEX (blue),
AWAEXCd (red), AWMEX (green), AWMEXCd (pink), MWAEX (dark blue), MWAEXCd
(dark red), MWMEX (dark green), MWMEXCd (purple). Note: The trend observed here is
different than the trend observed in the photocurrent data.

The trend in photoconductivities is directly correlated with the amount of organic
ligand remaining on the NC surface after wash and exchange, as measured by IR
spectroscopy, that act to passivate surface trap states and increase carrier lifetime. Traps
arise from Cd vacancies that are created as Cd is removed from the NC surface during
NC wash and exchange in methanol. Cd vacancies are known to form mid-gap states that
lie 0.6 or 1.0 eV above the valence band of bulk CdSe.15 SCN may also introduce surface
34

traps as the PL is completely quenched in NH4SCN-exchanged CdSe NC dispersions and
solids and as cyclic voltammetry measurements show SCN introduces electronic states
within the band gap.16 The greater photocurrent in MEX NC solids compared to AEX NC
solids is consistent with the greater organic ligand coverage passivating the NC surface
and smaller thiocyanate coverage introducing fewer trap states, even though surface Cd
atoms are removed. It is unlikely that the trend in photoconductivity is dominated by
charge carrier mobility, as the same trend is not observed in dark conductivity
measurements [Figure 2-10] consistent with previous reports that at these short lifetimes,
lifetime and not mobility governs optoelectronic device performance.17
Photocurrent measurements are also performed on the CdCl2-treated NC solids to
investigate the effect of filling Cd vacancies on optoelectronic properties [Figure 2-6b,
top four curves]. The photocurrents of the CdCl2-treated NC solids show a consistent 10100x increase from before CdCl2 treatment. The photoconductivities are calculated to be
3x10-5 S/cm for AWAEXCd, AWMEXCd, and MWAEXCd NC solids and 2x10-5 S/cm for
the MWMEXCd NC solid. These photoconductivities are also slightly greater than the 10-5
S/cm for CdSe NC solids spincast from NH4SCN solution-exchanged CdSe NCs we
reported previously.2 The photoconductivities of the CdCl2-treated NC solids are very
nearly the same and no longer correlate with the amount of remaining organic ligand,
despite that the CdCl2 removes a negligible amount of organic ligand [Figure 2-7]. The
photocurrent enhancement is consistent with increased charge carrier lifetime and
mobility as Cd fills vacancies and passivates surface traps, a phenomenon seen
previously in PbS NCs.18 The surface added Cd also dopes the NC solids and increases
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the dark conductivity, as shown in Figure 2-10. The photocurrent enhancement is
additionally consistent with the Cl removal/replacement of SCN ligands that may trap
carriers and Cl acting as a passivating donor species on the NC surface, as this has been
seen extensively in lead chalcogenide NCs.10,19,20 Cl impurities have been shown to be
donor states in CdSe, lying ~30 meV below the conduction band.21 The benefits of Cl
alone are not enough to realize an increase in photoconductivity for NH4SCN-exchanged
NC solids, as a slight decrease in photocurrent is measured after NH4SCN-exchanged NC
solids are treated with TBAC in acetone, demonstrating the important role of Cd [Figure
2-8]. Considering the hypothesized trap passivation, PL measurements are attempted on
the CdCl2-treated NC solids to look for a reversal of the PL quenching seen after
NH4SCN ligand exchange, but no such PL is able to be measured. We expect that we are
unable to measure PL on the CdCl2-treated NC solids since the NCs are strongly-coupled
and close-packed and therefore a photoexcited charge can readily migrate to find
remaining trap sites, not sufficiently passivated by the CdCl2 treatment.
To evince an increase in the photogenerated charge carrier lifetime, photocurrent
decay measurements are made. The electric field across the electrode gap is held constant
at 2.5x104 V/cm and current is measured as a function of time upon illumination. After 2
min to allow the photocurrent to stabilize, the illumination is turned off while the
photocurrent decay is measured, as shown in Figure 2-11. The current through NC solids
not treated with CdCl2 dropped to dark current levels faster than the time resolution of the
measurement system (~0.7 s), while the current through NC solids treated with CdCl2
persisted via a noticeable multi-exponential decay. Using the drop in current for the NC
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solids not treated with CdCl2 (~1000x) and the time resolution of the measurement, an
upper bound estimate of the lifetime is set at 100 ms. The photocurrents in the CdCl2
treated NC solids decay with lifetimes on the order of seconds, further supporting that
CdCl2 treatment increases the lifetime of photogenerated charge carriers.
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Figure 2-11. Normalized Photocurrent decay upon switching the light off for CdSe NC
solids (a) AWAEX (blue), AWMEX (green), MWAEX (dark blue), and MWMEX (dark green)
and (b) AWAEXCd (red), AWMEXCd (pink), MWAEXCd (dark red), and MWMEXCd
(purple). In the NC solids not treated with CdCl2 the photocurrent decays instantly. In
those treated with CdCl2 the photocurrent persists, decreasing exponentially in time.
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2.4 Discussion and Conclusions
We correlate the relationship between CdSe NC surface chemistry and CdSe NC
solid optoelectronic properties in Figure 2-12. Figure 2-12a,b quantitatively compare the
NC bound organic and SCN ligands as measured from the integrated IR absorption of the
C-H and C≡N stretching regions, for each of the solvent wash and exchange
combinations and for subsequent CdCl2 treatment. Figure 2-12c presents the Cd:Se ratio,
as measured by EDX measurements, for all the NC solids. In comparison to AW NCs,
MW NCs have fewer organic ligands and surface Cd atoms. Upon NH4SCN exchange,
MEX leaves more remaining organic ligands, removes surface Cd atoms, and introduces
fewer SCN ligands, unlike AEX NC solids. Since SCN is a reporter of surface metal
atoms, the most SCN is found on the AWAEX NC solid as without methanol exposure it
shows the highest Cd content. There is less SCN on NC solids exposed to methanol,
either during the wash or exchange, as methanol removes surface Cd atoms and during
exchange it leaves more organic ligands on the NC surface, resulting in fewer available
surface Cd sites. The decreased number of surface Cd sites may also be caused by
methanol exposure introducing impurities that block Cd sites, akin to the methanol
blocking of oleate addition,1 or from fewer available Cd sites suggested by the fusion of
neighboring NCs (discussed below), as seen without annealing in solution-based
treatment of lead chalcogenide NC solids.10,11 It has been suggested that Cd-blocking
impurities could be hydroxide groups from a condensation reaction between oleic acid
and methanol.1 Such a reaction would occur to a much larger extent in the methanol wash
step because there is an excess of oleic acid leftover from the NC synthesis, consistent
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with the severely reduced SCN content on the MWAEX and MWMEX NC solids.
Treatment with CdCl2 re-introduces surface Cd atoms and at least in part, replaces SCN
by Cl, with a uniformly small decrease in bound organic ligands. Figure 2-13
schematically summarizes the evolution in NC surface chemistry for anti-solvent wash,
ligand exchange, and CdCl2 treatment, providing a picture of the NC surface chemistry
probed in optoelectronic measurements.
To summarize the NC solid optoelectronic properties, Figure 2-12d,e presents the
wavelength and width, respectively, of the 1st UV-Vis absorption maximum and Figure 212f shows the photocurrent at 2.5x104 V/cm for each of the NC solids. An interesting
correlation between the NC solid surface chemistry and optical properties is seen by
comparing solids exposed to methanol. The MWAEX NC solid has similar Cd content and
much fewer organic ligands compared to the AWMEX NC solid, but also much less SCN
suggesting surface Cd sites are blocked by impurities introduced in the methanol wash
step. The surface Cd site availability in the MWAEX NC solid is not likely affected by NC
fusing, as the more dramatic red shift and broadening consistent with fusing is not
observed. Such a red shift and broadening is observed for NC solids exchanged in
methanol as seen in the AWMEX and MWMEX NC solids. The loss of available surface Cd
sites from impurities during washing and from impurities and NC fusion during exchange
results in the least SCN in the MWMEX NC solid.
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Figure 2-12. Summary plots of (a) integrated IR absorption of C-H stretching and (b)
C≡N stretching, (c) Cd:Se ratio calculated from EDX measurements, 1st absorption (d)
maximum wavelength and (e) width, and (f) photocurrent at 2.5x104 V/cm for CdSe NC
solid samples: AW (grey), AWAEX (blue), AWAEXCd (red), AWMEX (green), AWMEXCd
(pink), MW (black), MWAEX (dark blue), MWAEXCd (dark red), MWMEX (dark green),
MWMEXCd (purple). Note that the data shown in (c) are corrected average values
calculated from 3+ measurements on a single sample with reported error from the
standard deviation in those measurements. The trends represented here are consistent
over three trials of the experiment.

Photocurrent is maximized in a NC solid with the highest product of mobility and
lifetime, which are known to be increased by electronic coupling and trap passivation.
Before CdCl2 treatment, the greatest photocurrent is measured in the AWMEX NC solid,
which exhibits a large red shift and broadening of the 1st absorption maximum, consistent
with appreciable electronic coupling, and the most remaining organic ligand, consistent
with increased trap passivation. The photocurrent measured in the MWMEX NC solid is
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less than in the AWMEX NC solid because of the significantly less organic ligand on the
MWMEX NC solid, although it exhibits a comparable red shift and broadening of the 1st
absorption maximum. The trend in photocurrent continues with AWAEX > MWAEX
because the AWAEX NC solid has more remaining organic ligand than the MWAEX NC
solid and neither NC solid exhibits a large red shift and broadening of the 1st absorption
maximum. The photocurrent is not increased by a greater amount of SCN on the NC
surface which is consistent with SCN introducing mid-gap trap states. After CdCl2
treatment the photocurrent increases greatly regardless of wash and exchange solvent
combination as added Cd atoms repair the NC surface, filling vacancies and doping the
NC solid. The photocurrent increase is also attributed to the passivation and doping
introduced by Cl, as well as a reduction of trap states as Cl removes/replaces SCN. The
photocurrent enhancement, despite a blue shift and narrowing of all the NC solids upon
CdCl2 treatment, further supports that lifetime and not mobility governs optoelectronic
properties in these materials.
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Figure 2-13. Illustration of CdSe NC stoichiometry and surface chemistry after (a) antisolvent washing, (b) NH4SCN ligand exchange, and (c) CdCl2 treatment. Yellow atoms
are Cd, red atoms are Se. Note the loss of surface Cd after MeOH washing and NH 4SCN
ligand exchange, and the addition of Cd upon CdCl2 treatment.

In conclusion we demonstrate the important role of solvent selection used in NC
wash and ligand exchange processes on the NC surface chemistry and therefore NC solid
optoelectronic properties. Post-synthesis washing of CdSe NCs with methanol removes a
significant amount of organic ligand and Cd atoms from the NC surface as compared to
washing with acetone. Exchange of the NC solids with the compact NH4SCN ligand in
methanol removes additional Cd atoms from the NC surface, not seen when acetone is
selected as the ligand exchange solvent. Exchange with NH4SCN in methanol also results
in increased electronic coupling through NC fusing, not usually seen in CdSe NC solids
without thermal annealing. The loss of organic ligands and surface Cd atoms, and the
introduction of SCN reduces the carrier lifetime and limits photoconductivity in CdSe NC
solids. Cd vacancies created during NC wash and exchange can be re-filled by treatment
in a Cd-salt, repairing the NC surface and greatly enhancing the charge carrier lifetime
and photoconductivity. This is similar to the increased carrier lifetime and mobility seen
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upon metal halide treatment of NC solids constructed from materials such as PbS18 and
PbSe,10 suggesting metal halide treatment may generally be used to repair the surface of
NC materials after processing. These results emphasize the importance of careful solvent
choice for NC wash and ligand exchange and stress the thorough understanding of NC
composition and surface chemistry when designing NC solids for electronic and
optoelectronic devices.
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CHAPTER 3 Flash-Photolysis Time-Resolved Microwave Conductivity (TRMC)
In this chapter we describe the TRMC theory and instrument designed and built in
the Kagan lab at the University of Pennsylvania which is used to study the mobility and
lifetime of photogenerated charge carriers in semiconductor materials. This technique has
at least three advantages to more traditional methods of studying charge transport. (1)
TRMC is contactless so Schottky barriers, Fermi level pinning, contact resistance,
electron-hole recombination, and other characteristics of metal-semiconductor junctions
are not present. (2) The measurement probes charge transport on the order of 10-100 nm
so film cracking, grain boundaries, and other large scale morphology features do not
affect the results. (3) The mobility and lifetime of the photogenerated charge carriers are
determined independently of each other. These advantages were our motivation to build
the instrument.
3.1 Theory and Background
TRMC theory has been published in great detail previously.1,2 Here we
summarize the measurement and theory and present some details specific to our
instrument. Consider the electric field amplitude, E, of microwaves propagating in the zdirection through a uniform waveguide of homogeneous medium expressed as E(x,y,z) =
E0(x,y)e-γz. The propagation constant, γ, is the complex number γ = α + iβ such that the
real part, α, contributes to the change in electric field amplitude due to attenuation and
the imaginary part, β, contributes the change in amplitude due to the wave nature of
propagation. For the propagation of the TE10 mode through a loss-less rectangular
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waveguide with broad dimension a, the solution for gamma is the positive real part of the
square root of
𝜋 2

𝛾 2 = ( ) − 𝜔2 𝜇0 𝜇𝑟 𝜀0 𝜀𝑟
𝑎

(3.1)

In which ω is the angular frequency of the microwaves, µ0 the permeability of vacuum,

µr the relative permeability of the medium, ε0 the permittivity of vacuum, and εr the
complex, relative permittivity of the medium. Taking µr = 1 and substituting εr = ε’ +

iε” (with ε” capturing all sources of loss in the medium) into equation 3.1 gives
𝜋 2

2
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𝑎

𝜔2 ′
𝜀
𝑐2

+𝑖

𝜔2
𝑐2

𝜀"

(3.2)

In which c is the speed of light in vacuum and c = (µ0 ε0)-1/2. Taking the imaginary part
of γ2 to be negligible, equation 3.2 gives approximate solutions to the real and imaginary
part of the propagation constant as

𝛼=

𝜔2 𝜀"
2𝑐 2 𝛽

and

𝛽=

𝜔2
[ 2 𝜀′
𝑐

1/2
𝜋 2

−( ) ]
𝑎

(3.3,4)

A change in the conductivity of the medium, Δσ, will affect a change in ε”, as ε” =

σ/ωε0, a change in the real part of the propagation constant, and therefore a change (by
attenuation) in the electric field amplitude of the microwaves.
For the remainder of this chapter let us consider our waveguide to be terminated
at both ends with metal plates, thus forming a microwave cavity with a known resonance
frequency, f0. In one terminated end there is an iris such that the cavity is imperfect and
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some microwaves may enter (and exit) the resonant cavity. Inside the cavity is vacuum
except for a thin film solid sample of thickness dt and area a*b, where a and b are the
broad and narrow dimensions of the waveguide, respectively. This sample is placed at a
maximum amplitude position of the standing wave pattern formed by microwaves of
frequency f0 in the cavity. Now consider a change in conductivity, Δσ, in this thin film
solid sample while a constant power of microwaves of frequency f0 is transmitted through
the iris of the cavity. This Δσ will be observed as a change in microwave power exiting
the cavity, ΔP, and can be directly related to the change in conductivity (or conductance)
of the sample by
∆𝑃
𝑃0

𝐴

= −𝐾∆𝜎 = −𝐾∆𝐺

(3.5)

𝑑

in which P0 is the steady state microwave power exiting the cavity in the absence of a
change in conductivity, A is the area of the sample perpendicular to the electric field of
the microwaves, d is the length of the sample parallel to the electric field, and K is the
sensitivity constant of the microwave resonant cavity. For a thin film solid sample in a
TE10 waveguide A/d becomes B*dt where B = a/b, the ratio of the broad to narrow
dimensions of the waveguide. The sensitivity constant, K, is dependent on the sample and
cavity properties and has been previously determined1 to be

𝐾=

𝑄𝐿 (1+

1
√𝑅0

𝜋𝑓0 𝜀0 𝜀𝑟

)

𝑑𝑡

1

𝐿

𝐵𝑑𝑡

𝑓( )(

)

(3.6)

in which QL is the quality factor of the loaded cavity, R0 is the fraction of microwave
power reflected at the cavity resonance frequency, f0, εr is the relative permittivity of the
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sample, and L is the length of the cavity. QL is calculated as the resonance frequency
divided by the full-width at half-max (FWHM), f0/Δw, of the resonance peak which is
measured experimentally along with R0 as shown in Figure 3-1.
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Figure 3-1. Normalized ideal frequency response of the microwave resonant cavity used
in TRMC measurements showing the characteristic resonance peak centered at f0, with
width Δw, and height 1-R0.
𝑑𝑡

𝑓 ( ) is a factor to correct for Δσ occurring in only the small sample thickness dt
𝐿
instead of the entire cavity length L. The general expression1 is
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,𝛽 =

2𝜋
𝜆0

(3.7)

In which λ0 is the wavelength of microwaves of frequency f0 and l is the position of the
sample in the cavity. By design both l and L are ¼ multiples of λ0 and dt << l so equation
3.7 simplifies to
𝑑𝑡
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in which m is the number of ¼ wavelengths in L. As dt << L 3.8 simplifies nicely to
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The change in conductance is expressed in terms of mobility as ΔG = qµBdtΔn where q
is elementary charge, µ is charge carrier mobility and n is charge carrier concentration.
By substitution of equation 3.9 into equation 3.5 and rearranging, we can write an
expression for mobility as

𝜇=

−∆𝑃
𝑃0 𝐾𝑞𝐵𝑑𝑡𝛥𝑛

(3.10)

In the TRMC instrument discussed in this chapter charge carriers are photogenerated so
Δn = ΦI0Fa/dt where I0 is the number of photons incident on the sample per unit area, Fa
is the fraction of those photons absorbed by the sample, and Φ is the quantum yield (QY)
of charge carriers per absorbed photon. Substituting Δn into equation 3.10 and taking into
consideration the contribution to mobility of electrons and holes, an expression used to
calculate the mobility by TRMC is
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𝛷 ( 𝜇𝑒 + 𝜇ℎ ) =

−∆𝑃

(3.11)

𝑃0 𝐾𝑞𝐵𝐼0 𝐹𝑎

The left side is written with Φ because often the QY is not known but assumed to have a
maximum of unity. So a value determined by the right side of equation 3.11 is taken as a
lower bound for mobility.
3.2 Microwave Cavity
The purpose of using a resonant cavity is to increase the signal and be able to
measure very low conductivity samples. The increase is related to the quality factor, Q L,
of the cavity. This is achieved at a loss of time resolution; resonant cavities have a
response time of QL/2πf0, usually on the order of 20 ns. Diagrams of the resonant cavity
and its operation are shown in Figure 3-2. The cavity is approximately 9 cm long,
corresponding to two full wavelengths of a resonance frequency of about 9.3 GHz, by
design, and made of copper X-band rectangular waveguide with internal broad and
narrow dimensions of 2.286 and 1.016 cm, respectively. The ratio, B = a/b, of broad to
narrow is then 2.25. The resonance frequency was determined by solving the equation for
the allowed modes in a waveguide cavity using the TE104 mode.
𝑇𝐸
𝑣𝑚𝑛𝑝

2

𝑐

2

𝑚
𝑛
𝑝
= √( ) + ( ) + ( )
2

𝑎

𝑏

2

𝑐

(3.12)

in which c is the speed of light in a vacuum, m, n, p are 1, 0, 4, respectively, and a, b, c
are 2.286, 1.016, and 9 cm, respectively. Note that equation 3.12 must be used because
the wavelength in a waveguide is not the same as the wavelength in vacuum.
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One end of the cavity is terminated with a 6 mm thick metal plate with a 6 mm
diameter hole in the center, the other end is terminated with a ¼ mm thick metal plate
with an 8 mm diameter hole in the center. The endplate is thin to allow for coupling of
microwaves in and out of the cavity. Slots are cut out of the narrow sides of the
waveguide to hold a sample at ~3.4 cm from the end with the 6 mm hole, ¾ of a
wavelength from the end, placing the sample at a maximum in electric field amplitude of
the standing wave pattern formed inside the cavity with microwaves of resonance
frequency. This is to maximize microwave absorption caused by an increase in
conductivity of a thin film solid sample.
The top of the waveguide at the sample position is also cut out to allow sample
loading and a metal lid with an o-ring is placed over the sample to keep continuity of the
waveguide and seal the cavity. The two ends are sealed with aluminosilicate glass and
Torr Seal epoxy to allow the cavity to be sealed under vacuum or filled with inert
nitrogen gas. Photogeneration of charge carriers is achieved by expansion of a laser beam
through the 6 mm hole in the end of the cavity [see Figure 3-2b for the illustration]. The
microwave-coupling end is attached to microwave circuitry by an X-band waveguide to
an SMA coax adapter.

51

Figure 3-2. (a) Design of the microwave resonant cavity. (b) Illustration of the operation
of the microwave resonant cavity.

3.3 Microwave Circuitry, Electronics, and Optics
A diagram of the full TRMC instrument and example photoconductance transient
are shown in Figure 3.3. Microwaves are generated by a SiversIMA voltage-controlled
oscillator (VCO). The frequency is tuned with the voltage output from a Keithley 222030-1 linear-switched, variable power supply. The microwaves pass through an isolator to
prevent back reflections from entering the VCO and then pass through an attenuator,
usually 10-20 dB. The attenuator is used to keep the microwave power low such that the
electric field intensity (< 100 V/cm) at the sample in the cavity is not large enough to
have an effect on the thermal drift or dissociation of charges in the sample.3–5 Next the
microwaves are directed by a circulator into the cavity, reflected out of the cavity, and
again directed by the circulator into a Mini-Circuits brand, computer-controlled RF
switch that can pass the microwaves to an HP 8566b spectrum analyzer for visualization
of the resonance peak or to the microwave power detector. The detector is an
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Agilent/Keysight 8472b zero-biased Schottky barrier detector that converts the
microwave power into a voltage which is amplified 250-2500x by an impedance matched
Comlinear CLC-221 amplifier and an HP 462A wide-band amplifier. The voltage signal
is passed through a homemade 0.16 Hz high-pass filter to cancel the background DC
voltage before being digitized on a Keysight DSO-S-054A oscilloscope. To increase the
signal-to-noise ratio the oscilloscope is used to average the transients from several
thousand laser pulses (4000-30000). The digitized, averaged photoconductance
transients, similar to what is shown in Figure 3.3b, are finally recorded on a computer for
analysis.
The excitation source is a 3-5 ns laser pulse at 15 Hz frequency, allowing for
relaxation of the excited carriers before the next pulse. The laser is a Continuum Minilite
II Q-switched Nd:YAG at 1064 nm wavelength and can be doubled to 532 nm or tripled
to 355 nm. The pulse energy is controlled by directing the beam through a continuously
rotatable waveplate and polarizing cube before entering the cavity. The pulse energy is
monitored by sampling the light using a UV-fused silica window placed at a 45° angle in
the beam path with a power meter.
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Figure 3-3. (a) Diagram of TRMC instrument showing VCO: voltage controlled
oscillator (microwave source), I: isolator, At: 10-20dB attenuator, C: microwave
circulator, RF switch, spectrum analyzer, D: microwave power detector, A: amplifier(s),
HP: high pass filter, S: oscilloscope, and computer. Also shown is the laser and optics for
controlling and delivering the light to the sample. WP: rotating half wave plate, P:
polarizer, BD: beam dump, FS: UV-fused silica window, and P M: power meter. (b)
Example photoconductance transient.

3.4 TRMC Data Analysis
Mobility calculations from photoconductance transients are performed via
equation 3.11, shown again here.

𝛷 ( 𝜇𝑒 + 𝜇ℎ ) =

−∆𝑃
𝑃0 𝐾𝑞𝐵𝐼0 𝐹𝑎

(3.13)

ΔP can most simply be taken as the maximum point of the measured photoconductance
transient, though the measured signal is a convolution of the true transient and the
response time of the cavity.

To more accurately determine ΔP deconvolution is

performed by dividing the Fast-Fourier Transform (FFT) of the measured signal by the
FFT of an exponential decay function with time constant equal to the response time of the
cavity, QL/2πf0, which returns the FFT of the true photoconductance transient which is
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easily inverted to the transient. Letting h be the measured signal, f the true transient, g the
cavity response function, * the convolution operator, and F the FFT operator this can be
expressed as

ℎ =𝑓∗𝑔

(3.14a)

𝐹 (ℎ) = 𝐹 (𝑓 ∗ 𝑔) = 𝐹 (𝑓) ∙ 𝐹 (𝑔)
𝐹(ℎ)

𝐹(𝑓) = 𝐹(𝑔)

(b)

(c)

𝐹(ℎ)

𝑓=𝐹 −1 (𝐹(𝑔))

(d)

The deconvolution process introduces noise in f that originates in the high frequency
components of the measured TRMC signal. To reduce this noise a 5th order Butterworth
filter with cutoff frequency ~50MHz is applied to F(h) before deconvolution. For the rest
of this analysis the deconvolved transient is used.
P0 is the steady state microwave power measured on the detector (as a voltage on
the oscilloscope) in the absence of light exciting the sample. Because the detector outputs
microwave power as a voltage it is important to determine the deviation from linearity of
the voltage output compared to power input, that is, solve for n in the equation 𝑃 = 𝑉 𝑛 .
For our detector n was found to be 1.42. Since the change in voltage, ΔV, is small
compared to the steady state voltage, V0,

∆𝑃
𝑃0

=𝑛

∆𝑉 1
.
𝑉0

K is calculated using parameters of the loaded resonant cavity that are determined
by fitting the measured resonance peak to2
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𝑅 (𝑓 ) =

2(𝑓−𝑓0 ) 2
)
∆𝑤
2(𝑓−𝑓 ) 2
1+( ∆𝑤 0 )

𝑅0 +(

+ (𝑚𝑓 + 𝑏)

(3.15)

and the relative permittivity of the sample at f0. The linear term is to correct for frequency
dependent power fluctuations in the VCO. The permittivity of the sample can be
calculated6,7 using a generalized form of the Penn approximation8,9 and an effective
medium approximation10 or measured using spectroscopic ellipsometry.
I0 is calculated from the known laser pulse energy and wavelength. Fa is measured
using an integrating sphere and a cw laser of the same wavelength used for excitation by
the expression

𝐹𝑎 = 1 − (𝐹𝑅 + 𝐹𝑇 )

(3.16)

in which FR and FT are the fraction of light reflected and transmitted, respectively.
Lastly, because our laser excitation is expanded through a hole and incident on the
sample as a ~9mm circle instead of uniformly shining upon the entire rectangle of the
sample another correction factor must be applied of the electric field integrated over the
waveguide cross section divided by the electric field integrated over the surface of our
illumination. This correction factor, FI, quantitatively is1
𝑎 𝑏

𝐹𝐼 =

𝜋𝑥

∫0 ∫𝑜 𝑠𝑖𝑛2 ( 𝑎 )𝑑𝑥𝑑𝑦
𝑠

𝜋𝑥

∬0 𝑠𝑖𝑛2 ( 𝑎 )𝑑𝑥𝑑𝑦

(3.17)

FI is usually on the order of 2-3. The corrected mobility expression is

𝛷 ( 𝜇𝑒 + 𝜇ℎ ) =
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−∆𝑃

𝐹
𝑃0 𝐾𝑞𝐵𝐼0 𝐹𝑎 𝐼

(3.18)

The analysis of the lifetime of the photogenearated charge carriers is done by
considering the decay of the photoconductance. If the decay fits well to a sum of
exponential decay functions, each with its own time constant, this indicates there are
multiple decay pathways with lifetimes equal to the time constant. Alternatively, the halflifetime (literally the time it takes for the photoconductance to decay to ½ its original
value) of the charge carriers can be calculated.
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CHAPTER 4 The Effects of Inorganic Surface Treatments on Photogenerated
Carrier Mobility and Lifetime in PbSe Nanocrystal Solids
In this chapter we demonstrate how surface modifications of PbSe Nanocrystal
(NC) solids influence the mobility and lifetime of photogenerated charge carriers. PbSe
NC solids surface-enriched with Se have been shown to be doped p-type, leaving the
surfaces unstable and susceptible to oxidation and structural transformation. Subsequent
Pb enrichment of the NC surface passivates the unstable Se surface and n-dopes the NC
solids1. Similar structural transformations in PbS NC solids have been reported for Senriched surfaces

2

or through solvent stripping of surface ligands and atoms3,4. Surface

passivation has been shown to increase the lifetime of photogenerated carriers5,6 and
doping shifts the Fermi level closer to the conduction or valence band, allowing carriers
to populate these higher densities of states, and leads to the higher carrier mobilities
reported in field-effect transistor (FET) measurements1,7.
PbSe NCs are particularly attractive as solar cell materials because of their broad
absorption that spans the solar spectrum and the promise of increased power conversion
efficiencies through multiple-exciton generation8,9. However, the photogenerated charge
carrier lifetime is equally as important as mobility to device performance10. Flashphotolysis time-resolved microwave conductivity (TRMC) is a technique by which the
lifetime and mobility of photogenerated charge carriers can be measured independently
of each other and it has been used previously to study the optoelectronic properties of NC
Much of this chapter appears in print: Adapted with permission from E.D. Goodwin, D.B. Straus,
E.A. Gaulding, C.B. Murray, C.R. Kagan, Chemical Physics, 2015,
doi:10.1016/j.chemphys.2015.07.031. Copyright 2015 Elsevier.
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solids11,12. Unlike more traditional methods used to determine carrier mobilities, such as
FET and time-of-flight (TOF) photoconductivity measurements, TRMC is a contactless
measurement. TRMC is therefore not influenced by the properties of metalsemiconductor junctions which may introduce Fermi level pinning, electron-hole
recombination, and contact resistance, which have been shown to affect the measured
charge carrier dynamics in NC solids13,14. TRMC also differs from these traditional
methods because it measures conductivity at zero DC electric field, without a gate field
which is applied in FET measurements, and probes a length scale of tens to hundreds of
nanometers, so larger scale features like grain boundaries and cracks found across the
channel length of FETs or through thick layers needed for TOF measurements have little
effect on the results.15
In this chapter, we study the influences of commonly and recently introduced
small-organic and compact, inorganic ligand exchange treatments on the photogenerated
charge carrier mobility and lifetime of PbSe NC solids by TRMC. Electron microscopy,
optical absorption, and FET measurements are used to characterize the structural, optical,
and electronic properties of the NC solids for each ligand treatment. We show that the
photogenerated charge carrier mobility depends on the position of the Fermi energy in the
semiconductor bandgap and is largest near the band edges, consistent with the trend in
FET measurements and with the NC solid density of states.
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4.1 Materials and Methods
PbSe NC Synthesis. 6 nm PbSe NCs with a first absorption peak at ~1725 nm are
synthesized using a previously published method16 modified to increase yield17. In short,
1.78 g of PbO (99.999%), 40 mL of 1-octadecene (90%), and 6 mL of oleic acid (OA)
(90%) are heated in a 125 mL 3 neck flask under vacuum on a Schlenk line for 1.5 h to
form a lead oleate complex. The flask is then switched to nitrogen and the solution is
heated to 180 °C. At 180 °C, a solution of 16 mL of 1 M Se (99.999%) in tri-noctylphosphine (90%) (previously prepared) and 138 μL of diphenylphosphine (98%)
(added just beforehand) are rapidly injected into the lead oleate solution. The temperature
is then dropped to ~150 °C, held at this temperature for 10 min, and removed from heat
to cool. Once cooled to room temperature, the solution is transferred into a Schlenk tube
using a cannula and brought into a nitrogen glovebox for purification. The solution is
purified by 3 repeated steps of precipitating the NCs with a 2:1 anhydrous
butanol:ethanol mixture, centrifugation, and redispersion in anhydrous toluene. The NCs
are redispersed in 20 mL of anhydrous hexane for storage. The anhydrous solvents and
reagents used in synthesis are purchased from Sigma-Aldrich.
Before depositing solids from the NC dispersions, the particles are precipitated
with anhydrous isopropanol (Acros) in a 1:3 ratio and centrifuged. The supernatant is
discarded and the remaining solvent is evaporated. The NCs are re-dispersed at 10
mg/mL in anhydrous octane (Sigma-Aldrich).
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PbSe NC Solid Deposition. PbSe NC solid deposition for optical characterization and
FET and TRMC measurements is carried out in a nitrogen-filled glovebox and follows
the procedure of Oh et al1. NC solids for FETs are assembled on n++ silicon wafers
(Silicon Inc.) with a 250 nm thermal oxide layer. 20 nm of Al2O3 is deposited by atomic
layer deposition (ALD). The oxidized wafers are then cleaned by sonication in ethanol
for 5 min and then UV-ozone treated in the nitrogen glovebox for 20-30 min. NC solids
for optical characterization and TRMC measurements are assembled on aluminosilicate
float glass (Delta Technologies) that are cleaned by sonication in Hellmanex detergent in
water, de-ionized water (3x), 0.1-1.0 M HCl (Fisher), de-ionized water (3x), and ethanol
(3x). The aluminosilicate glass surface is coated with a (3-mercaptopropyl)trimethoxysilane (MPTS, Sigma-Aldrich, 95%) self-assembled monolayer according to
modified literature procedures18. The MPTS layer prevents delamination of the NCs
during subsequent surface treatment19. The PbSe NCs dispersed in octane are spin-cast in
the nitrogen glovebox at 800 rpm for 20 s followed by 4000 rpm for 5 s.
We exchange the long oleic acid ligands used to synthesize and disperse the PbSe
NCs for short organic and compact inorganic ligands, namely by treatment with 3mercaptopropionic acid (MPA), Na2Se, and Na2Se followed by PbCl2. For MPA
treatment, a 1% MPA (Sigma-Aldrich, 99%) solution in anhydrous methanol (Acros) is
deposited on the NC solid on the spinner, held for 3 s, dried by spinning at 4000 rpm, and
rinsed twice with methanol. For Na2Se treatment, a 1 mM Na2Se (Alfa Aesar, 99.8%)
solution in methanol is deposited on the NC solid on the spinner, held for 10 s, dried by
spinning at 4000 rpm, and rinsed twice with methanol. The sequence of NC spin-casting
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and ligand exchange is carried out an additional two times to form uniform, crack-free
NC solids approximately 50 nm in thickness. The thickness iss measured using an atomic
force microscope (Asylum). For subsequent PbCl2 treatment, the three-layer, Na2Setreated NC solids are immersed in 15 mM PbCl2 (Sigma-Aldrich, 99.999%) in
oleylamine on a hotplate at 80 °C for either 1 min, 15 min, 1 h, or 24 h. The NC solids ae
then washed with anhydrous hexane to remove excess oleylamine, and then washed three
times with anhydrous isopropanol.
Structural, Optical, and Electrical Characterization. Thinner PbSe NC solids for
TEM characterization are prepared as described above, but by diluting the NC dispersion
in octane to ~1 mg/mL and by depositing only a single layer. TEM is performed on a
JEOL 2100 microscope operating at 200 keV.
Fourier-transform infrared (FTIR) spectra are taken on a Thermo-Fisher Nicolet
6700 spectrophotometer in transmission mode. The FTIR absorption spectra are
normalized using the height of the first excitonic peak from the near-infrared (NIR)
absorption spectra of the same NC solids. NIR spectra are taken on an Agilent Cary 5000
spectrophotometer at 2 nm spectral bandwidth in transmission mode. NIR measurements
reported in this chapter are taken on NC solids that are encapsulated in the nitrogen
glovebox using cover glass and epoxy 6.
Cr (20 nm) and Au (30 nm) top contacts are deposited by thermal evaporation
through a shadow mask onto the PbSe NC solids deposited on Si wafers to make topcontact, bottom-gate FETs. Channel lengths (L) range from 50-200 μm and channel
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widths (W) range from 750-3000 μm with a constant W/L of 15 for all channels. FET
measurements are performed in a Karl Suss PM5 probestation mounted in a nitrogen
glovebox and are measured on an Agilent (now Keysight) 4156C semiconductor
parameter analyzer.
Flash-photolysis time-resolved microwave conductivity. Flash-photolysis, timeresolved microwave conductivity (TRMC) measurements are used to perform contactless
carrier mobility and lifetime measurements20–23. A schematic of the instrument is shown
in Figure 4-1. X-band (~9 GHz) microwaves are generated using a voltage-controlled
oscillator (SilversIMA). The output microwave frequency is tuned by voltage from a
Keithley 2220-30-1 power supply. Microwaves are passed through an isolator
(Pasternack) to prevent back reflection and then through a variable attenuator set to 10 dB
(Keysight). A circulator (Pasternack) directs microwaves from the source into a
microwave antenna (Penn Engineering), transferring microwaves from coax to a WR90
waveguide connected to a home-built, sealed, resonant microwave cavity [Figure 4-2].
The resonant microwave cavity is loaded with each sample in the nitrogen-filled
glovebox to prevent sample oxidation. 3-5 ns, 532 nm laser pulses are generated by a
Continuum MiniLite II Nd:YAG laser and are focused through an aperture sealed with
aluminosilicate glass into the resonant cavity, expanding to a 7 mm spot diameter at the
sample. The circulator directs reflected microwaves into a microwave switch that allowed
us to visualize the resonance peak on an HP 8566B spectrum analyzer, or to convert
microwave power to voltage on a Keysight 8472B microwave detector. Detected
microwave power is amplified through an impedance-matching 25x amplifier (Comlinear
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CLC-221) and microwave transients are digitized using a Tektronix TDS3054B
oscilloscope. To measure the incident microwave power on resonance in the absence of
light, the voltage from the microwave detector is recorded on the oscilloscope, and to
measure photoinduced microwave transients, a high pass filter with a cutoff frequency of
0.16 Hz is used to cancel the DC offset.

Figure 4-1. Diagram of the home-built, TRMC setup showing the VCO: voltage
controlled oscillator (microwave source), I: isolator, At: 10dB attenuator, C: microwave
circulator, microwave switch, spectrum analyzer, D: microwave power detector, A:
amplifier, HP: high pass filter, S: oscilloscope, and computer. Also shown is the laser
(532 nm) and optics for controlling and delivering the light to the sample. WP: rotating
half wave plate, P: polarizer, BD: beam dump, FS: UV-fused silica window, and P M:
power meter.

The theory of time-resolved microwave conductivity has been presented in
Chapter 3 and in great detail in several places21,24. It is briefly summarized here, with
details specific to this chapter. The loaded microwave resonant cavity is characterized by
the resonance peak [Figure 4-3], which is measured by sweeping microwaves around the
resonant frequency of the loaded, sample-containing cavity. The resonance curve is
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normalized by dividing by the reflected power off of resonance (with no microwaves
entering the cell), and the resonance peak is fit to the equation

𝑅(𝑓) =

2(𝑓−𝑓0 ) 2
)
Δ𝑊
2(𝑓−𝑓0 ) 2
1+(
)
Δ𝑊

𝑅0 +(

+ (𝑚𝑓 + 𝑏)

(4-1)

where 𝑓0 is the resonant frequency (in Hz), Δ𝑊 is the full width at half-maximum of the
resonance peak, and 𝑅0 is the depth of the normalized peak. The Lorentzian term models
the microwave resonance peak and the linear term corrects for frequency dependent
power variations in the microwave source. The quality factor of the sample-containing
𝑓

𝑄

0
cavity is 𝑄 = Δ𝑊
, and cavity’s response time is 𝜏𝑚 = 𝜋𝑓 . Q ranges from 387 to 752 and
0

the response time ranges from 14 to 27 ns.
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Figure 4-2. Rendering of the TRMC resonant cavity. The thin plate with an iris
acts as a below-cutoff waveguide. The flange is attached to a microwave antenna (Penn
Engineering) that converts coaxial microwaves to WR90 waveguide. Both the optical
aperture and the below-cutoff waveguide are sealed with aluminosilicate glass (Delta
Technologies), and the top plate seals the cell using an o-ring.

Pulsed photoexcitation of the sample in the resonant cavity causes a change in the
reflected microwave power Δ𝑃. The normalized change in microwave power

Δ𝑃
𝑃0

= 𝐾Δ𝐺

where 𝐾 is the sensitivity factor, 𝐺 is the conductance, and P0 is the reflected microwave
power in the absence of light. Because a Schottky diode is used to detect microwave
power, it needs to be calibrated to ensure the output voltage (V) accurately measures the
reflected microwave power, using the equation 𝑃 = 𝑉 𝑛 with P being the reflected
microwave power. In this experiment, n is 1.42. Because the photoinduced change in
voltage produced by the Schottky diode, Δ𝑉, is small compared to V, then
sensitivity factor for the microwave cell used in this experiment is
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Δ𝑃
𝑃0

=𝑛

Δ𝑉
𝑉0

. The

𝐾=

𝑄(1+

1
√𝑅0

)

𝑎
𝜋𝑓0 𝜖0 𝜖𝑟 𝐿
𝑏

(4-2)

where 𝜖𝑟 is the permittivity of the PbSe NC solid at the resonance frequency, 𝑎 is the
width (0.9 in) and 𝑏 is the height (0.4 in) of the WR90 waveguide, and 𝐿 is the length of
the resonant cell (9.136 cm). The 𝜖𝑟 used in this chapter is calculated to be 24 by the
generalized Penn approximation14,25,26 and the effective medium approximation1,27.

Figure 4-3. Resonant microwave peak for the cavity loaded with a sample. The data are
shown in blue, and the fit in red.

The change in conductance
Δ𝑃

𝐹

Δ𝐺 = ( 𝑃 ) ( 𝐾𝐼 )
0
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(4-3)

where FI is a correction for illuminating only a 7 mm diameter area of the sample, taking
into account the electric field cross-section in the microwave cavity28. In this chapter, FI
is 3.19. The quantum yield-mobility product is
Δ𝐺𝑚𝑎𝑥

𝜙Σ𝜇 = 𝜙(𝜇𝑒 + 𝜇ℎ ) = 𝑎
𝑏

𝑞𝐼0 𝐹𝐴

(4-4)

where 𝑞 is the fundamental charge, 𝐼0 is the photon flux, and 𝐹𝐴 is the fraction of
absorbed light (measured at 532 nm using a Thorlabs integrating sphere).
The selection of a resonant cavity significantly increases the measurable signal at
the expense of an increased instrumental response time21. However, because the cavity
response time is determined from the resonance peak, the true mobility is calculated by
deconvolving the cavity response time from the measured signal [Figure 4-4]29.

Figure 4-4. Deconvolution. The original TRMC trace is in blue, and the deconvolved
sample response is in red.
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While a microwave resonant cavity greatly increases the signal from a sample, it
comes at the cost of a reduced time response. However, by using the known cavity
response time, we deconvolve the experimental response. In this chapter h is the
experimentally measured TRMC signal, f is the true response, g is the cavity response, ∗
is the convolution operator, and ℱ signifies a Fourier transformation.
𝑓∗𝑔=ℎ
ℱ (ℎ) = ℱ (𝑓 ∗ 𝑔) = ℱ (𝑓) ⋅ ℱ (𝑔)

(4.5a)
(b)

If f is our signal, and g the instrument response, then
ℱ (ℎ)

ℱ (𝑓) = ℱ (𝑔)

(c)

and
𝐹(ℎ)

𝑓 = ℱ −1 (𝐹(𝑔))

(d)

Because of noise introduced by the deconvolution process, fifty deconvolved data
points are binned and averaged for mobility calculations. Figure 4-4 shows the
experimental TRMC data (h) in blue, and the binned sample’s response (f) in red.
4.2 Structural and Optical Characterization of PbSe NC Solids
To characterize the interparticle spacing and nanoscale structure, TEM images are
taken of OA-capped and MPA, Na2Se, and Na2Se and then 1 h PbCl2-treated PbSe NC
solids [Figure 4-5a-d]. A decrease in interparticle spacing is observed upon ligand
treatment, as desired to transform the NC solids into electronically active materials. NC
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solids treated with MPA [Figure 4-5b] retain their single particle character and partially
transform from hexagonal to square packing, as reported previously13. In contrast, NC
solids treated with Na2Se, show the onset of epitaxial, oriented attachment of NCs, as has
also been previously reported1. We note that the degree of oriented attachment increases
over time, even as the NC solid remains at room temperature in the nitrogen-filled
glovebox, representative of the TEM image shown in Figure 4-5c. NC solids treated with
Na2Se and then immediately with PbCl2

[Figure 4-5d], as exemplified for a 1 h

treatment, display a small interparticle spacing, without significant epitaxial, oriented
attachment, as the Pb and Cl ions passivates surface Se sites and arrests NC fusion1. We
also note that the added surface Pb sites are passivated by oleylamine and/or Cl atoms
during the PbCl2 treatment, further protecting the NCs from fusion and oxidation.
FTIR measurements are performed on the OA and ligand treated PbSe NC solids
to characterize the removal of the organic capping layer as shown in Figure 4-5e,
highlighting the C-H stretching region. The FTIR absorption spectrum of an OA-capped
PbSe NC solid is included in the inset of Figure 4-5e. The FTIR spectra before and after
ligand treatment show 86-93% removal of OA ligands by all treatments, as expected and
reported previously1,30, and consistent with the observed decrease in interparticle spacing
presented above in TEM images.
NIR absorption measurements are performed on OA-capped and ligand treated
PbSe NC solids, as shown in Figure 4-5f. The NC solids are allowed to sit for 6 h in the
nitrogen atmosphere of the glovebox before measurement to more closely reflect the
solids measured in TEM above and described below in FET and TRMC measurements.
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OA-capped PbSe NC solids display a first exciton peak at 1728 nm. The absorption
spectrum of Na2Se-treated NC solids shows a 31 meV red shift, caused by NC fusion
during the 6 h wait time and the addition of a Se layer to the NC surface. Spectra of NC
solids treated with PbCl2 for 1 min, 15 min, 1 h, or 24 h immediately after Na2Se
treatment show red shifts of 26-29 meV. We note the longer PbCl2 treatment times are
observed to result in a smaller red shift in the NC solid absorption resonance, as the
PbCl2 treatment arrests NC fusion caused by the unstable, Se rich surfaces, consistent
with the TEM images. The absorption spectrum of PbSe NC solids treated with MPA
shows a red shift of 23 meV compared to that for OA-capped NC solids, consistent with
the reduced interparticle spacing, noting little to no NC fusion is observed and no ionic
layer is added in the MPA treatment.
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Figure 4-5. (a-d) TEM images and normalized (e) FTIR and (f) NIR absorption spectra
of (a) an OA-capped PbSe NC solid (black) and of PbSe NC solids treated with (b) MPA
(orange), (c) Na2Se (red), and Na2Se immediately followed by PbCl2 for 1 min (green),
15 min (cyan), 1 h (blue), and 24 h (pink). The PbSe NC solid shown in (d) is treated for
1 h in PbCl2 immediately after Na2Se treatment. Scale bars are 6 nm. (e) Inset: FTIR
spectra highlighting the OA-capped PbSe NC solid (black). Fourier-transform filtering is
applied to the NIR absorption spectra to remove the interference pattern caused by the
cover glass-NC solid-glass stack.
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4.3 Electrical Transport Measurements in PbSe NC Field-Effect Transistors
To confirm the charge carrier type and relative carrier concentration of ligand
treated PbSe NC solids, solids are integrated into FETs to form the semiconducting
channel layer [Figure 4-6a]. Transfer curves of the devices are shown in Figure 4-6b.
Na2Se-treated NC solids are degenerately p-doped by the introduction of excess Se,
consistent with the Fermi level shifting towards the valence band. Successive PbCl2
treatment after Na2Se treatment adds Pb ions to the NC surface, shifting the
stoichiometric imbalance towards excess Pb, and moving the Fermi level towards the
conduction band. Pb addition first compensates the Se p-doping at short 1 min and 15
min treatment times and then increasingly n-dopes the devices with longer 1 h and 24 h
treatment times. In contrast, MPA-treated PbSe NC solids are highly resistive and show
ambipolar, predominantly n-type transport. These FET characteristics reproduce reports
of similarly treated PbSe NC solids1,13.
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Figure 4-6. (a) Diagram of a bottom-gate, top-contact FET fabricated from PbSe NC
solids. (b) Transfer curves of PbSe NC solids treated with MPA (orange), Na2Se (red),
and Na2Se followed by PbCl2 for 1 min (green), 15 min (cyan), 1 h (blue), and 24 h
(pink). VDS = -50 V for NC solids treated with Na2Se and Na2Se followed by PbCl2 for 1
min and 15 min. VDS = +50 V for NC solids treated with MPA and Na2Se followed by
PbCl2 for 1 h and 24 h.

4.4 Flash-Photolysis, Time-Resolved Microwave Conductivity
To characterize the photogenerated charge carrier mobility and lifetime, the
treated NC solids are probed in a home-built, flash-photolysis, time-resolved microwave
conductivity (TRMC) measurement apparatus [Figure 4-1]. Example photoconductance
(ΔG) transients of the treated NC solids are shown in Figure 4-7 for the largest excitation
intensity, as this data shows the best signal-to-noise ratio. The Na2Se-treated NC solid
shows the largest ΔG, noting the sample is allowed to fuse in the nitrogen atmosphere of
the glovebox prior to measurement. The impact of NC fusion on the TRMC
measurements will be discussed below. As Pb is added by successive PbCl2 treatments
for times of 1 min and 15 min, ΔG decreases. For longer 1 h and 24 h PbCl2 treatment
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times, an increase in ΔG is observed. MPA-treated NC solids display the smallest ΔG and
is highlighted in the inset of Figure 4-7.

Figure 4-7. Example photoconductance transients of PbSe NC solids treated with Na2Se
(red) and Na2Se followed by PbCl2 for 1 min (green), 15 min (cyan), 1 h (blue), and 24 h
(pink). Inset: Photoconductance transient of MPA (orange) treated PbSe NC solid.
Dashed lines show fits (see text for details).

Figure 4-8a shows the product of the quantum yield for charge generation and the
sum of the electron and hole mobilities, ΦΣμ, for the treated PbSe NC solids as measured
by TRMC. Since the quantum yield for carrier generation has a maximum value of unity,
the data presents a lower bound for charge carrier mobility, in convention with previous
reports12,31. We note and will discuss below that as shown in Figure 4-9, ΦΣμ does not
saturate even at the lowest photoexcitation density used in this chapter (~0.5
photoexcitations/NC), consistent with a quantum yield that is less than unity and with
true carrier mobilities that are greater than what is reported in this chapter. The decrease
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in ΦΣμ with increasing photoexcitation density is consistent with higher order
recombination that occurrs on timescales faster than the 14-27 ns response time of the
microwave resonance cavity11,12, as discussed in further detail below.

10

Lifetime (ns)

(a)

10
10
10

5

(b)
4

3

2

MPA Na2SePbCl2 PbCl2 PbCl2 PbCl2
1 m 15 m 1 h 24 h

Figure 4-8. (a) ΦΣμ product at the lowest photoexcitation density in PbSe NC solids
treated with MPA (orange), Na2Se (red), Na2Se followed by PbCl2 for 1 min (green), 15
min (cyan), 1 h (blue), and 24 h (pink). (b) Photogenerated charge carrier lifetimes from
nonlinear least-squares fits of the photoconductance transient data to: the sum of three
exponential decay functions for MPA, Na2Se, and Na2Se followed by 1 min PbCl2-treated
(black, red, and blue showing lifetimes on the order of 100 ns, 1 μs, and 10 μs,
respectively) and single exponential decay functions for Na2Se followed by 15 min, 1 h
and 24 h PbCl2-treated PbSe NC solids. Error bars are one standard deviation.
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Figure 4-9. ΦΣμ product vs photoexcitation density in PbSe NC solids treated with MPA
(orange), Na2Se (red), Na2Se followed by PbCl2 for 1 min (green), 15 min (cyan), 1 h
(blue), and 24 h (pink).

Table 1 reports the maximum ΦΣμ for the differently treated PbSe NC solids,
calculated at the lowest photoexcitation density. MPA-treated NC solids exhibit the
lowest mobility of the NC solids presented in this chapter, with a mobility similar to
another report of TRMC mobility on compact organic ligand treated PbSe NC solids11
and consistent with the greater interparticle spacing and the lack of intentional doping.
Ligand exchange with the inorganic Na2Se salt increases the carrier mobility, consistent
with the observed NC fusion and heavy p-doping introduced by excess Se. As the Se-rich
NC solids are treated with PbCl2, a lower mobility is observed after 1 min and further
after 15 min. PbCl2 treatment arrests NC fusion and the addition of surface Pb
compensates the p-doping, shifting the Fermi level from the valence band toward midgap. Further PbCl2 treatment for 1 h n-dopes the NC solids and increases the carrier
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mobility. No further increase in mobility is seen upon longer PbCl2 treatment times of 24
h. As greater amounts of Pb2+ are added to the surface, the Fermi level is swept through
the NC solid density of states, from the valence band, through mid-gap, toward the
conduction band.

Ligand
Treatment

ΦΣμ
(cm2V-1s-1)

f1

τ1 (ns)

f2

τ2 (μs)

f3

τ3 (μs)

MPA

0.14 ± 0.02

0.54 ±
0.03

365 ± 86

0.22 ±
0.02

4.1 ±
1.7

0.23 ±
0.01

38.5 ±
6.4

Na2Se

2.57 ± 0.23

0.674 ±
0.005

252 ± 2

0.137 ±
0.003

2.76 ±
0.07

0.190 ±
0.003

26.68 ±
0.03

Na2Se +
PbCl2 1 min

1.29 ± 0.14

0.908 ±
.004

97 ± 3

0.061 ±
0.003

1.50 ±
0.06

0.030 ±
0.001

19.1 ±
1.1

Na2Se +
PbCl2 15 min

0.092 ±
0.011

--

66 ± 8

--

--

--

--

Na2Se +
PbCl2 1 h

0.544 ±
0.026

--

50 ± 1

--

--

--

--

Na2Se +
PbCl2 24 h

0.547 ±
0.057

--

47 ± 3

--

--

--

--

Table 4-1. Summary of the Quantum Yield-Mobility Products () and the Carrier
Lifetimes () Extracted from TRMC Transients of Ligand Exchanged PbSe NC Solids.
ΦΣμ shown is calculated at the lowest photoexcitation density.

The ΔG transients in Figure 4-7 show that the lifetimes for MPA, Na2Se, and
Na2Se followed by 1 min PbCl2-treated NC solids persist for tens of μs through multiexponential decay processes and the transients are fit to a sum of three exponential
decays. The NC solids treated with PbCl2 for 15 min, 1 h, and 24 h show ΔG transients
that decay by a single exponential process on faster, hundreds of ns timescales and are fit
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to a single exponential decay. Figure 4-8b and Table 1 summarize the charge carrier
lifetimes extracted from the TRMC data shown in Figure 4-7. The normalized fit
amplitudes fi corresponding to the lifetimes τi in Table 1 show the decrease in f2 and f3 in
the Na2Se followed by 1 min PbCl2 treated solids in comparison to the Na2Se treated
solids, showing the progression from multi-exponential to single exponential decay
processes.
The long tens of μs lifetimes in MPA, Na2Se, and Na2Se followed by 1 min
PbCl2-treated solids are consistent with reported spectroscopic measurements of carrier
lifetime in PbSe NC solids. A TRMC study by Gao et al.11 reported a half-amplitude
lifetime of tens of nanoseconds for 6 nm ethanedithiol (EDT) treated PbSe NC solids
with a long-lived component in the transient that extended to μs11. Transient absorption
measurements of MPA-treated PbS NC solids reported carrier lifetimes of 31 μs and even
longer 93 μs lifetimes for EDT treated particles 30.
Figure 4-10 shows the dependence of carrier lifetime on photoexcitation density.
For Na2Se-treated NC solids the lifetime increases at larger photoexcitation densities for
all calculated lifetimes. We hypothesize that this increase in lifetime arises from greater
trap filling at larger photoexcitation densities and therefore the charge carrier decay in the
Na2Se-treated PbSe NC solids is dominated by trap-assisted recombination on the
timescales probed by TRMC. No change in lifetime is observed for the 1 min PbCl2treated NC solids with increasing photoexcitation density. In contrast, the lifetime for
Na2Se followed by 15 min, 1 h, and 24 h PbCl2 treatments of the NC solids decreases
with increasing photoexcitation density. This decrease suggests that the charge carrier
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decays are largely dominated by bimolecular or higher-order recombination processes
such as Auger recombination, and lifetimes are reported for excitation densities greater
than a few per nanocrystal to study the influence of these processes on lifetime. In
addition, the photoinduced change in conductivity Δ𝜎 = 𝑞 (𝜇𝑒 + 𝜇ℎ )Δ𝑁, assuming
unimolecular charge carrier kinetics, should scale linearly with the number of
photoexcitations/NC. ΦΣμ, however, decreases with increasing photoexcitation density
[Figure 4-9], consistent with higher order recombination processes that reduce the
quantum yield for charges measured in TRMC

32–34

. The lifetimes for MPA-treated NC

solids do not show a clear trend with increasing photoexcitation density because of the
large error in the low signal-to-noise data of these highly resistive solids [Figure 4-11].
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Figure 4-10. Photogenerated charge carrier lifetimes from nonlinear least-squares fits of
photoconductance transient data to the sum of three exponential decay functions for
Na2Se (red), and Na2Se followed by 1 min PbCl2 (green) treatments and to a single
exponential decay function for Na2Se followed by PbCl2 treatment for 15 min (cyan), 1 h
(blue) and 24 h (pink) of PbSe NC solids. Lifetimes on the order of 100 ns are shown in
(a), 1 μs in (b), and 10 μs in (c). Error bars are one standard deviation.

We note that the TRMC signals are convolved with the 3-5 ns laser pulse width,
the nanosecond response of the electronic circuitry, and the cavity response time of 14 to
27 ns [Figure 4-4]. We deconvolve the cavity response time from the measured signal
because it has the largest impact. Dynamics occurring on timescales shorter than several
81

nanoseconds cannot be detected using the TRMC apparatus. The low TRMC mobilities
measured for Na2Se followed by 1 h and 24 h PbCl2-treated NC solids may be limited by
charge trapping or decay within the TRMC instrument response time. Notably, the
TRMC mobilities are smaller than the 25 cm2 V-1 s-1 mobilities reported for Na2S
exchanged PbSe NC solids studied by time-resolved terahertz spectroscopy (TRTS)35.
The same study also reported carrier lifetimes for Na2S exchanged PbSe NC solids of ~1
ns or less, much shorter than the 200-27,000 ns lifetimes we report in this chapter for
Na2Se exchanged PbSe NC solids. TRTS offers a complementary technique that detects
mobility and lifetime on a picosecond timescale; however, it does not reach the several
nano- to- microsecond timescale that are probed in TRMC measurements. We attribute
the discrepancy in lifetimes to the fact that the two measurements probe different carrier
dynamics occurring on different timescales. We note that the timescales measured in
TRMC are of particular interest to photovoltaic applications as it is on those timescales
that charge transport and collection occurs30.
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Figure 4-11. Photogenerated charge carrier lifetimes from nonlinear least-squares fits of
photoconductance transient data to the sum of three exponential decay functions for MPA
treated PbSe NC solids. The shortest lifetime is shown in blue, the intermediate in green,
and long in red. Error bars are one standard deviation.

The degree of epitaxial, oriented attachment between PbSe NCs in solids effects
the red shift observed in NIR absorption measurements [Figure 4-12] and the measured
TRMC carrier mobility [Figure 4-13], regardless of whether the NC solid is enriched in
Se or Pb. For example, PbSe NC solids treated with Na2Se and measured within 30
minutes of fabrication show a TRMC mobility of 1.17 cm2 V-1 s-1. However, solids stored
in a nitrogen glovebox and measured 2-6 h after fabrication have a mobility of 2.57 cm2
V-1 s-1 that is consistent over this storage time. To see how fusion effects the mobility of
subsequently PbCl2-treated solids, Na2Se-treated PbSe NC solids are left to sit for 24 h in
the nitrogen glovebox to allow for epitaxially oriented attachment prior to a 1 h PbCl2
treatment. These solids show an increase in TRMC mobility to 0.69 cm2 V-1 s-1 compared
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to 0.54 cm2 V-1 s-1 for solids that are immediately treated with PbCl2 for 1 h after Na2Se

Absorption (a.u)

treatment.

1770 1800 1830 1860
Wavelength (nm)
Figure 4-12. NIR absorption measurements of PbSe NC solids immediately after Na2Se
treatment (maroon), after Na2Se treatment and storage in a nitrogen glovebox for 6 h
(red), after Na2Se treatment followed by immediate PbCl2 treatment for 1 h (blue), and
after Na2Se treatment and storage in a nitrogen glovebox for 24 h followed by 1 h PbCl2
treatment (light blue).
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Figure 4-13. Quantum yield-mobility product for samples shown in Figure 4-12.

4.5 Conclusions
We use TRMC measurements to study the evolution in carrier dynamics in PbSe
NC solids as we enrich the NC surface in Se and Pb through treatments with inorganic
Na2Se and PbCl2 salts and sweep the Fermi energy through the NC solid density of states.
Se-rich solids are highly p-doped and demonstrate high carrier mobility and long lifetime.
As increasing amounts of Pb are added to the surface of the NCs, the mobility first
decreases as the Fermi level moves near mid-gap, and then increases again as NC solids
become n-doped and the Fermi level approaches the conduction band. Future experiments
will explore the origin of the recombination processes leading to the long lifetimes seen
for Se-enriched in comparison to the shorter lifetimes of Pb-enriched NC solids.
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CHAPTER 5 Increased Carrier Mobility and Lifetime in CdSe Nanocrystal Solids
Through Surface Passivation and Doping
In this chapter, we combine field-effect transistor (FET) and flash-photolysis, timeresolved microwave conductivity (TRMC) measurements to explore the carrier mobility
and lifetime as a function of doping and the position of the Fermi energy in NC solids. To
do so, we use thiocyanate (SCN)-capped, CdSe nanocrystal (NC) solids and control the
doping by varying the amount of thermally-evaporated indium.
5.1 Materials and Methods
NC Synthesis. TOPO-capped, CdSe NCs are synthesized according to modified literature
procedures.1 Cadmium stearate is prepared by combining 10 g CdO (99%, Strem), 55 g
stearic acid (97%, Acros), and 50 mL octadecene (90%, Aldrich). The reaction is heated to
280 ˚C under nitrogen until the solution stops bubbling. The solution is cooled, precipitated
with acetone (ACS, Fisher), vigorously mixed, and centrifuged. The supernatant is
discarded. The cadmium stearate is an off-white powder. Again the cadmium stearate is
washed with acetone and then dried in a vacuum oven. The dried cadmium stearate is
milled in a mortar and pestle. The cadmium stearate is then washed twice with methanol
(ACS, Fisher), dried, and milled; washed twice with methanol again, dried, and milled; and
lastly washed twice with acetone, dried, and milled.
CdSe nanocrystals (NCs) are synthesized according to modified literature
procedures.1 40 g of trioctylphosphine oxide (TOPO) (90%, Aldrich), 40 g octadecylamine
(90%, Acros), and 4.2 g of cadmium stearate are added to a flask connected to a Schlenk
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line. The mixture is degassed at 135 ˚C under vacuum and then heated to 320 ˚C under
nitrogen. Once at temperature, 20 mL of 1.25 M tributylphosphine selenide (prepared by
mixing tributylphosphine, Aldrich 97%, and selenium shot, Strem 99.99%, and stirring
overnight) is quickly injected. The reaction is kept at 290 ˚C for 15 min, and then quenched
by injecting 50 mL of anhydrous toluene (Acros). The solution is transferred to a Schlenk
flask and precipitated in a nitrogen glove box with anhydrous ethanol (distilled in-house)
and centrifuged. The supernatant is discarded. The precipitate is dissolved in anhydrous
hexanes (Aldrich), centrifuged, and the supernatant is kept. The CdSe NCs are then
precipitated with anhydrous ethanol, anhydrous acetone (Acros), and anhydrous
isopropanol (Acros), and after each precipitation step, the samples are centrifuged and then
the supernatant is discarded and the precipitate is redispersed in hexanes. Purified NCs are
stored in a nitrogen glove box. Energy dispersive X-ray measurements give a Cd:Se ratio
for the as-synthesized NCs as 1.47 ± 0.04.
Ammonium Thiocyanate Ligand Exchange Reaction. An ammonium thiocyanate
(NH4SCN) ligand exchange is performed based on a previously reported procedure.2 CdSe
NCs are diluted in hexanes in a nitrogen glove box to an optical density of 5 (measured at
the first absorption maximum with a path length of 1 cm) to a total volume of 2.4 mL. 1.2
mL of 10 mg/mL recrystallized ammonium thiocyanate (Acros) in anhydrous acetone is
added to the NC dispersion, vortexed for 2 min, and centrifuged, discarding the
supernatant. The exchanged NCs are washed with 2.4 mL of anhydrous tetrahydrofuran
(Acros, inhibitor free), vortexed for 2 min, and centrifuged, discarding the supernatant. The
NCs are then washed with 2.4 mL of anhydrous toluene, vortexed for 1 min, centrifuged,
90

and the supernatant is discarded. The NCs are then redispersed in 0.17 mL of anhydrous
dimethylformamide (Acros, over molecular sieves). Fourier transform infrared absorption
spectroscopy is used to determine the degree of completion of the ligand exchange reaction.
Figure 5-1 shows the IR absorption spectra of CdSe NC solids of as-synthesized, TOPOcapped NCs (light grey) and SCN-capped NCs (dark grey). The spectra are normalized to
the first excitonic resonance in the UV-Vis absorption. 92% of the TOPO ligands are
removed, as quantified by integrating the C-H stretch region in Figure 5-1. The integrated
peak area ratio between the C-N and C-H stretch in the SCN-capped CdSe NC solid is
3.6:1.

Figure 5-1. Fourier transform infrared absorption spectra of as-synthesized, TOPO-capped
(light grey) and SCN-capped (dark grey) CdSe NC solids.

NC Solid Preparation and Characterization. After ligand exchange, the NCs are spin
cast from DMF in a nitrogen glove box on 1) aluminosilicate glass for TRMC, visible
absorbance, spectroscopic ellipsometry, secondary ion mass spectrometry (SIMS), and Xray photoelectron spectroscopy (XPS) measurements; 2) double-polished silicon for
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Fourier-transform infrared spectroscopy measurements; and 3) n++ silicon with 300 nm of
thermal oxide and 20 nm of alumina deposited by atomic layer deposition for FET
measurements.3 (0, 1, 3, 5, 7, 9, and 11) nm of indium is thermally deposited uniformly
over the surface of the NC solids, which are then annealed in a nitrogen glove box at 300
°C for 20 min to decompose the SCN, which leaves surface sulfide and densifies the NC
solids,2 and to drive indium diffusion into and passivate and dope the NC solids [Figure 52a].3 80 nm of indium and 40 nm of Au are deposited by thermal evaporation as top contacts
for FETs. Note that FETs are not annealed after deposition of In and Au contacts.
Thinner CdSe NC solids for TEM characterization are prepared as described above,
but by diluting the NC dispersion in DMF prior to spin-coating. TEM is performed on a
JEOL 2100 microscope operating at 200 keV.
Fourier-transform infrared (FTIR) spectra are taken in air on a Thermo-Fisher
Nicolet 6700 spectrophotometer in transmission mode. The FTIR absorption spectra are
normalized to the height of the first absorption maximum from UV-Vis absorption spectra.
UV-Vis absorption spectra are taken in air on an Agilent Cary 5000 spectrophotometer at
2 nm spectral bandwidth in transmission mode.
In (80 nm) and Au (40 nm) top contacts are deposited by thermal evaporation
through a shadow mask onto the CdSe NC solids deposited on Si wafers to make topcontact, bottom-gate FETs. Channel lengths (L) range from 50-200 μm and channel widths
(W) range from 750-3000 μm with a constant W/L of 15 for all channels. FET
measurements are performed in a Karl Suss PM5 probestation mounted in a nitrogen
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glovebox and are measured on an Agilent (now Keysight) 4156C semiconductor parameter
analyzer.
TRMC measurements are performed as described previously in Chapters 3 and 4.
5.2 Structural, Optical, and Elemental Characterization of Indium-Doped CdSe NC
Solids
Figures 5-2b and 5-2c show the effect of annealing at 300 °C on the structural and
spectroscopic properties of the CdSe NC solids. When annealed in the absence of indium,
neighboring CdSe NCs fuse together forming larger crystallites [Figure 5-2b(i)]. When
annealed in the presence of indium, such fusing is not seen [Figure 5-2b(ii)]. The optical
absorption spectra [Figure 5-2c] show that compared to the discrete electronic resonances
characteristic of the as-synthesized and SCN-capped, NC solids (light and dark grey
curves, respectively), annealing of the NC solids in the absence of indium causes almost
complete loss of quantum-confinement (black curve), as seen previously with annealing at
300 °C.3 However, annealing in the presence of even 1 nm of indium preserves discrete
resonances which are red-shifted, consistent with increased electronic coupling between
NCs (green curve and Figure 5-3). Verification of indium deposition is accomplished using
X-ray photoelectron spectroscopy (XPS) measurements (Figure 5-2d), where the intensity
of the indium 3d peak is used to quantitatively correlate the thickness-dependent indium
content in CdSe NC solids. As the thickness of the thermally evaporated indium increases,
the incorporated indium content increases linearly. Figure 5-4 shows the depth profile of
indium in the NC solids as measured by secondary ion mass spectrometry, demonstrating
that indium diffuses throughout the NC solids. InO2- counts are used to represent the indium
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diffusion because the NC solids are exposed to air for several days before performing the
SIMS measurements.

Figure 5-2. (a) Schematic of thermally-driven doping of evaporated indium onto SCNcapped, CdSe NC solids. (b) Transmission electron micrographs of SCN-capped, CdSe NC
assemblies that are annealed at 300 °C for 20 min in the absence (i) and presence (ii) of
indium. Scale bars are 5 nm. (c) UV-Vis absorption spectra of CdSe NC solids that are
TOPO-capped (light grey), SCN-capped (grey) and SCN-capped and annealed at 300 °C
for 20 min with 0 nm (black) and 5 nm (green) of evaporated indium. (d) XPS
measurements monitoring the intensity of the indium 3d signal in SCN-capped, CdSe NC
solids doped with 0 nm to 11 nm of indium and annealed at 300 °C for 20 min. A linear fit
to the XPS thickness is shown in red. Uncertainties represent standard deviations of three
measurements.
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Figure 5-3. UV-Vis-NIR absorption spectra of SCN-capped CdSe NC solids with a
nominal thickness of 0 nm (black), 1 nm (red), 3 nm (orange), 5 nm (green), 7 nm (blue),
9 nm (purple), and 11 nm (pink) of indium after being annealed at 300 °C for 20 min.

Figure 5-4. SIMS depth profile showing the intensity of the InO2- ion as a function of depth
into the CdSe NC solid doped with 11 nm of indium and annealed at 300 ˚C for 20 min.
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5.3 Electronic and Optoelectronic Characterization of Indium-Doped CdSe NC Solids
Charge transport in indium-doped, CdSe NC solids is probed in the platform of
the field-effect transistor under the control of an external gate-field [Figure 5-5 and Table
5-1]. Representative transfer characteristics measured in the linear regime (VDS = 0.1 V)
are shown in Figure 5-1a. Field-effect mobility presented in this chapter is the average of
the mobilities calculated from the forward and the reverse sweep of the transfer curves
and is used as a guide to understand the doping level in CdSe NC solids. FETs with no
indium and 1 nm of indium added to the CdSe NC solid display low field-effect
mobilities of 0.2 ± 0.3 cm2 V-1 s-1 and 0.2 ± 0.2 cm2 V-1 s-1, respectively. The large error
in these mobility values demonstrates the inconsistency of these devices, similar to
previous reports of low-performance NC FETs.4 The off current for the FET with 1 nm
indium is lower by an order of magnitude compared to that of the FET with 0 nm indium,
consistent with the added indium preventing the fusion of neighboring NCs in the solid.
As the indium doping increases, the mobility increases to 3.4 ± 0.4 cm2 V-1 s-1 for 3 nm of
indium, 4.1 ± 0.7 cm2 V-1 s-1 for 5 nm of indium, and 5.5 ± 0.3 cm2 V-1 s-1 for 7 nm of
indium. However, the on/off ratio increases from 300 for 1 nm of indium to 2000 for 3
nm of indium as the on-current increases, but subsequently decreases to 200 for 5 nm of
indium and 90 for 7 nm of indium as the off-current increases more significantly [Figure
5-6].
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Figure 5-5. (a) Transfer characteristics (ID-VG) and (c) FET mobilities of SCN-capped,
CdSe NC solids annealed at 300 °C for 20 min with nominal thicknesses of 0 nm (black),
1 nm (red), 3 nm (orange), 5 nm (green), 7 nm (blue), 9 nm (purple), and 11 nm (pink) of
deposited indium. Uncertainties represent standard deviations of at least three
measurements.

CdSe NC solids doped with 9 nm and 11 nm of indium are degenerate with high
mobilities of 18 ± 6 cm2 V-1 s-1 and 16 ± 6 cm2 V-1 s-1, respectively, and on/off ratios near
unity [Figure 5-6], reflecting a shift of the Fermi level into the conduction band in the
density of electronic states. We note that small changes in the slope of the transfer
characteristics for these high current, degenerately doped devices give rise to the large
observed variation in FET mobility [Figure 5-7].
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TRMC µ

nm In

FET µ
(cm2 V-1 s-1)

Ion/Ioff

0

0.2 ± 0.3

40 ± 30

0.004 ± 0.001

37 ± 4

1

0.2 ± 0.2

200 ± 300

0.0014 ± 0.0002

36 ± 2

3

3.4 ± 0.4

2000 ± 1000

0.011 ± 0.002

49 ± 5

5

4.1 ± 0.7

200 ± 100

0.021 ± 0.004

90 ± 10

7

5.5 ± 0.3

90 ± 20

0.011 ± 0.005

90 ± 10

9

18 ± 6

1.5 ± 3

0.5 ± 0.1

5000 ± 1000

11

16 ± 6

1.14 ± 0.04

0.20 ± 0.06

2000 ± 1000

(cm2 V-1 s-1)

τ (ns)

Table 5-1. Summary of FET and TRMC results. Uncertainties represent standard
deviations of at least three measurements.

Figure 5-6. On/off ratio for CdSe NC solid field effect transistors doped with a nominal
thickness of 0 nm (black), 1 nm (red), 3 nm (orange), 5 nm (green), 7 nm (blue), 9 nm
(purple), and 11 nm (pink) of indium after being annealed at 300 °C for 20 min.
Uncertainties represent standard deviations of at least three measurements.
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Figure 5-7. (a, b) Transfer characteristics (ID-VG) from Figure 5-5, reproduced on a linear
scale, for SCN-capped, CdSe NC solids annealed at 300 °C for 20 min with 0 nm (black),
1 nm (red), 3 nm (orange), 5 nm (green), 7 nm (blue), 9 nm (purple), and 11 nm (pink) of
deposited indium.

The mobility and lifetime of photogenerated charge carriers in the absence of a
gate-field are explored in indium-doped, CdSe NC solids by TRMC measurements [Figure
5-8 and Table 5-1]. The experimental setup has been described previously.5 Photogenerated
charge carrier lifetimes [Figure 5-8a and Table 5-1] are the lowest for CdSe NC solids with
no doping and doping with 1 nm of deposited indium, consistent with surface chalcogenide
sites introducing mid-gap trap states6 and reducing photogenerated charge carrier lifetimes.
As the doping is increased by depositing 3 nm and 5 nm of indium, the carrier lifetime
increases, in agreement with the reported mechanism of indium binding to surface
chalcogenide sites7 and passivating mid-gap trap states.6 Upon further doping with 7 nm
of indium, the carrier lifetime remains constant. We hypothesize that the constant lifetime
for CdSe NC solids doped with 5 nm and 7 nm of indium arises as the dominant trap states
are passivated beyond 5 nm of deposited indium. Doping with 9 and 11 nm of indium leads
to an increase in carrier lifetime by more than an order of magnitude, consistent with
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observations by Thon et al. and Katsiev et al. that correlate a reduction in band tail states
with improved photovoltaic performance.8,9

Figure 5-8. TRMC (a) lifetime and (b) mobility for SCN-capped, CdSe NC solids annealed
at 300 °C for 20 min with nominal thicknesses of 0 nm (black), 1 nm (red), 3 nm (orange),
5 nm (green), 7 nm (blue), 9 nm (purple), and 11 nm (pink) of deposited indium.
Uncertainties represent standard deviations of at least three measurements.

TRMC measurements probe the product of the carrier quantum yield (Φ) and the
sum of the electron and hole mobility (μe + μh). For low photoexcitation densities, the
quantum yield-mobility product (Φ(μe

+

μh)) of the CdSe NC solids is constant with

excitation density for samples doped with 0 nm to 7 nm of indium [Figure 5-9], indicating
the absence of higher order recombination processes.10 For these NC solids, we average
the constant Φ(μe + μh) regime, shown in Figure 5-8b, to characterize the doping dependence
of the carrier mobility. CdSe NC solids doped with 1 nm of indium exhibit the lowest
mobility as indium prevents the fusion of nearest-neighbor NCs, unlike undoped NC solids,
and the small amount of indium-doping is insufficient to passivate mid-gap trap states and
shift the Fermi level for high-mobility transport. This is consistent with the low mobilities
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and the trend in the FET off-currents for 0 nm and 1 nm indium doping. The mobility
increases and then remains constant with 3, 5, and 7 nm of indium doping, consistent with
indium passivation and doping shifting the Fermi level closer to the conduction band and
increasing the population of electrons in higher density, higher mobility electronic states,
as reported previously.3,5,11 The TRMC mobilities presented in this chapter for CdSe NC
solids doped with 3 nm to 7 nm of indium are greater than those previously reported for
CdSe NC solids12 by almost an order of magnitude, consistent with increased electronic
coupling through the SCN ligand exchange and with surface passivation and doping by
indium. As the indium doping is increased to 9 nm and 11 nm, the mobility increases by
more than an order of magnitude, consistent with the large increase seen in TRMC lifetime
and the degenerate behavior shown in FETs above. We note that the TRMC mobilityquantum yield product is smaller than the FET mobility for all CdSe NC solids, unlike
PbSe NC solids.5,11 We hypothesize that the lower TRMC mobility-quantum yield product
is consistent with a low free carrier yield in lower dielectric CdSe than PbSe NC solids.13,14
Figure 5-9 also shows that the high mobility, high conductivity NC solids doped with 9 nm
and 11 nm of indium allow TRMC measurements at lower photoexcitation density than the
more lightly doped samples. However even at lower excitation densities, Φ(μe + μh) in the
9 nm and 11 nm indium doped NC solids is not constant with photoexcitation density,
suggesting a lower threshold for higher-order recombination processes, such as Auger
recombination, consistent with the high carrier concentrations seen in FET measurements.
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Figure 5-9. (a) TRMC mobility-quantum yield product as a function of photoexcitation
density product for CdSe NC solids doped with 0 (black), 1 (red), 3 (orange), 5 (green), 7
(blue), 9 (purple) nm of indium, and 11 nm (pink) of indium at higher fluence, and (b) 11
nm at lower fluence. Uncertainties represent standard deviations of at least three
measurements.

In conclusion, we show that surface passivation and doping of NC solids results in
an increase in photogenerated charge carrier mobility and lifetime. The photogenerated
carrier mobility determined by TRMC measurements follows the same trend as the fieldeffect mobility with increasing passivation and doping. These results suggest that NC
surface passivation and doping can be used as a general strategy to improve performance
in optoelectronic devices.
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CHAPTER 6 Assembly and Manipulation of Nanocrystal Solids by Dip Coating
In this chapter we demonstrate how dip coating can be used to assemble highquality nanocrystal (NC) solids. Dip coating is a desirable method for large-area,
solution-based assembly of NC solids1–5 as it is used in both research and in industrial
fabrication. Dip coating takes advantage of a solid-state ligand treatment, making the
method compatible with a wide range of NC compositions and sizes, and provides precise
control over NC solid characteristics, such as thickness, composition, and density. Dip
coating also builds in multiple NC depositions to fill in any voids created by the volume
change upon solid-state treatment with compact ligands and therefore allows the
deposition of crack-free NC solids.
Here we show that solid-state NH4SCN ligand treatment is compatible with dip
coating to assemble electronically-coupled NC solids of different size CdSe, CdTe, and
PbSe NCs. We demonstrate the application of these electronically-coupled, dip coated,
SCN-treated CdSe, CdTe, and PbSe NC solids by their integration in devices, achieving
high gain photoconductors and high mobility field-effect transistors. We extend the dip
coating method to the assembly of >100 nm-range ordered PbSe NC superlattices and
PbSe/PbS binary NC superlattices.
6.1 Materials and Methods
Materials. n-Octadecylphosphonic acid (ODPA, >99%) is obtained from PCI Synthesis.
From Strem Chemicals, cadmium oxide (99.99%) and trioctylphosphine oxide (TOPO,
A portion of this chapter appears in print: Adapted with permission from Gaulding, E. A.; Diroll,
B. T.; Goodwin, E. D.; Vrtis, Z. J.; Kagan, C. R.; Murray, C. B. Adv. Mater. 2015, 27, 2846–
2851. Copyright 2015 Advanced Materials.
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99%) are purchased. Myristic acid (99.5+ %), 1-octadecene (ODE, 90%), bis(trimethylsilyl)sulfide (TMS) (95%), n-octyltriethoxysilane (OTS) (97%), and 1.6 M
solution of butyl lithium in tetrahydrofuran (THF) are bought from Acros Organics. The
following are purchased from Sigma-Aldrich: Selenium powder (99.99%) and pellets
(99.999%), tellurium pellets (99.999%), oleic acid (90%), oleylamine (70%), tri-noctylphospine (TOP, 90%), lead oxide (99.999%), diphenylphosphine (DPP, 98%), and
ammonium thiocyanate (NH4SCN, 99+%). All solvents used are anhydrous. NH4SCN is
recrystallized from anhydrous methanol and stored under nitrogen.
Synthesis of NCs. CdSe NCs are synthesized using a modification of a previously
reported method.6 37 mL of 1-octadecene (ODE), 275 mg of myristic acid, and 77 mg of
CdO are reacted at 280 °C under nitrogen until a clear yellow solution forms. After
degassing at 100 °C for 1 h, 24 mg of selenium powder is added to the reaction flask
under nitrogen flow. The reaction mixture is degassed a further 10 min, then heated under
nitrogen to 240 °C. After 3 min at 240 °C, a degassed solution of 1 mL of oleylamine, 1
mL of oleic acid, and 4 mL of 1-octadecene is injected at a rate of 1 mL/min. The
reaction proceeds at 240 °C for 30 min after the completion of the injection, and then is
heated under nitrogen to 280 °C. At 280 °C, 30 mL of 0.1 M selenium in 1-octadecene
and 6 mL of 0.5 M CdO in oleic acid are injected at a rate of 2 mL/min. Both injection
solutions are made under nitrogen atmosphere by dissolving the appropriate amounts of
selenium or CdO in the stated solvent, then degassing the solutions at 100 °C. The
reaction proceeds for 30 min at 280 °C before being cooled to room temperature and
being transferred into a nitrogen glovebox for purification. NC purification is performed
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in an air-free glovebox, using triple redispersion and precipitation with hexane/2propanol/ethanol and then twice with hexane/ethanol. This synthesis produces 7 nm
diameter oleate-capped faceted, zinc-blende CdSe NCs. NC size is determined from
optical absorption measurements.7 The CdSe NC size, crystal structure, and ligand
chemistry synthesized in this chapter is different than that of the CdSe NCs previously
treated with NH4SCN,8 further illustrating the flexibility of the NC solid assembly
method presented in this chapter.
CdTe NCs are synthesized using a scaled up version of a previously reported
method.9 Briefly, a degassed solution of 0.91 g of CdO, 98.85 g of trioctylphosphine
oxide (TOPO), and 7.15 g n-octadecylphosphonic acid (ODPA) is heated to 325 °C. A
solution of 0.91 g of tellurium in 8.138 g of tri-n-octylphospine (TOP) is then quickly
injected into the reaction solution at 325 °C while stirring. The reaction temperature is
maintained at 315 °C to allow for further NC growth, after which the solution is cooled to
room temperature and toluene is added. The reaction solution is then transferred into a
nitrogen glovebox for purification by three rounds of precipitation with alcohol and
redispersion in hexane. 5 nm diameter ODPA-, TOP-, and TOPO-capped CdTe NCs are
produced from this synthesis, as determined by optical absorption measurements.7
PbSe NCs are synthesized using slight modifications of previously reported
methods.10,11 A solution of 892 mg of PbO, 20 mL of ODE, and 3 mL of oleic acid is
heated to 120 °C under vacuum and degassed for 1 h to form lead oleate. The temperature
is then raised to 160 °C and an 8 mL solution of 1M TOP:Se with 60 µL of
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diphenylphosphine is rapidly injected into the lead oleate solution. After 80 s, the
reaction is quenched to room temperature with an ice bath. Purification of the NCs is
carried out in a nitrogen glovebox. 2 mL of anhydrous hexane is added to the reaction
flask, followed by precipitation of the NCs with a 2:1 ratio of anhydrous ethanol:butanol
and centrifugation at 8000 rpm for 3 min. The precipitate is redispersed in 4 mL of
hexane. This process of centrifugation and redispersion is repeated two more times after
which the NCs are dispersed in 10 mL of hexane and stored under nitrogen in a glovebox.
6 nm diameter oleate-capped PbSe NCs are produced from this synthesis, as determined
by optical absorption measurements.12 For superlattice assembly 5.4 nm and 4.5 nm PbSe
NCs are synthesized by varying the selenium precursor injection temperature and
reaction time. 3.3 nm PbS NCs are synthesized by literature procedures with little or no
modification.13
Assembly and Optical Characterization of SCN-treated NC Solids. After being stored
in a nitrogen glovebox, NC solutions in hexane are precipitated with 2-propanol and
redispersed in hexane to 5-10 mg/mL approximate concentrations immediately before dip
coating. NC solids are assembled by use of a robotic dip coater (KSV NIMA) mounted in
a nitrogen glovebox [Figure 6-1a]. A substrate is first lowered into, held for 1 s, and
withdrawn from a 5-10 mg/mL NC dispersion, depositing a layer, usually 1-2 NCs thick.
The substrate is then lowered into a 10 mg/mL NH4SCN solution in methanol, allowed to
soak for a time period of 60 s for CdSe and PbSe NCs and 90 s for CdTe NCs, and
withdrawn. The substrate is finally dipped into pure methanol for 30 s to rinse away
excess NH4SCN. Immersion and withdrawal speeds are 50 mm/min for all steps. This
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process is repeated to achieve the desired NC solid thickness. Methanol is chosen as the
ligand treatment solvent in this chapter because it produces smooth, uniform, and
complete NC solids. Using acetone as the ligand treatment solvent leads to significant NC
solid delamination.
UV-Vis-NIR absorption spectra are taken in air in transmission mode on a Cary
5000 spectrophotometer at 2 nm spectral bandwidth using boro-aluminosilicate glass
substrates that are pre-treated with a self-assembled monolayer (SAM) of (3mercaptopropyl)-trimethoxysilane (MPTS) according to literature procedures.14 SCNtreated NC solids for UV-Vis-NIR absorption are prepared by dip coating increasing
numbers of NC layers onto the MPTS-treated substrates. For comparison, as-synthesized
NC solids are also prepared by drop casting NCs in hexane onto the MPTS-treated
substrates. CdSe and CdTe NC solids are also studied after annealing at 250 °C for 10
minutes in a nitrogen glovebox, to mimic the conditions used to prepare the NC solids for
dark and photoconductivity measurements and FETs.
Infrared absorption spectra are collected in air in transmission mode on a model
6700 Thermo-Fisher Fourier transform infrared (FT-IR) spectrometer at a spectral
resolution of 4 cm-1. SCN-treated NC solids for IR absorption are prepared on sapphire
substrates to allow transmission from the mid-IR through the UV-Vis-NIR regions of the
spectrum and for subsequent visible absorption studies to normalize the IR absorption
spectra. As-synthesized NC solids are prepared by drop casting NCs in hexane.
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Assembly of Superlattices. NC superlattices are assembled on substrates treated with
OTS by placing the substrates in a static vacuum with a vial of OTS at 120 C. For the
TEM images, grids are mounted onto supporting substrates. Before preparation of larger
volume binary NC solutions for dip coating, small volumes of the NCs (10–100 μL) in
hexane are mixed at different NC molar ratios to find the most ideal concentration and
molar ratio conditions for BNSL formation. 20 μL of these solutions are then dropped
and dried on DEG to form NC solids for screening. PbSe and PbS NCs (larger and
smaller components, respectively) stock solutions are used in a series of different volume
mixtures (usually varying the volume of one component while keeping the other
constant), which results in a series of NC molar ratios. The combinations with the most
ordered BNSL assembly over the largest area are then mixed at larger volumes for dipcoating. The MgZn2 and CaCu5 phases frequently co-exist together with the same NC
superlattices, but the dominance of one phase or the other can be tuned by varying the
molar ratio of the two NCs. For the CaCu5 structure, 3.4 nm PbS (21 mg/mL), and 5.4 nm
PbSe (27 mg/mL) are mixed at a 1:1 volume ratio, resulting in a 5.3:1 NC molar ratio.
Structural Characterization. Wide-angle X-ray diffraction is performed using a Rigaku
Smartlab diffractometer, by collecting data with 0.05 degree resolution in 2-theta at a
scan rate of 0.1 deg/min. Small-angle X-ray diffraction is performed on a Multi-Angle Xray System using a fixed source, sample, and 2D detector. Data is accumulated for 15
min for as-synthesized NC dispersions and for 3 h for SCN-treated NC solids over a 2theta range of 0.3-5.4 degrees. After collection the circular diffraction patterns are binned
into circular sections, averaging over steps of 0.01 degrees. Both measurements are
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performed with copper k-alpha sources. SCN-treated NC solids for X-ray measurements
are assembled by dip coating onto MPTS-treated quartz cover slips. Grazing-incidence
small-angle X-ray scattering (GISAXS) is performed at the X9 beamline at Brookhaven
National Lab using a 13.5 eV source, MarCCD detector, and a beam width of 200 μm.
GISAXS data is collected at several points.
Scanning electron microscopy (SEM) is performed on a JEOL 7500F HRSEM
operating at 5.0 kV. NC solids for SEM are assembled on MPTS-coated degenerately
doped silicon wafers with a native oxide surface. SEM imaging of the PbSe NC
superlattices and PbSe/PbS BNSLs is performed on a Zeiss Ultra-55 at the INAC, CEA
Grenoble, France. Transmission electron microscopy (TEM) is performed using a JEOL
JEM 2100 microscope operating at 200 keV or a JEOL JEM 1400 operating at 120 keV.
Atomic force microscopy (AFM) scans are performed in contact mode on a MFPBio-3D (Asylum Research), using an AC240TS Si cantilever (Olympus) with 42 N/m
force constant and 9 nm tip radius. Images are recorded at 256 points per line, 0.2 Hz
raster frequency.
Electronic Characterization. Dark- and photo-conductivity measurements are
performed on SCN-treated NC solids deposited by dip coating onto MPTS-treated, glass
substrates. Bottom-contact electrodes are defined by thermal evaporation of Cr (4 nm)/Au
(22 nm) through a shadow mask in an evaporator integrated in a nitrogen glovebox to
form active areas with a range of channel lengths ranging from 40-200 μm and with a
channel width of 15x the length. Some CdSe and CdTe NC solids are further annealed at

110

250 °C for 10 min. The active area is sealed by cover glass and epoxy under inert
atmosphere to be brought out of the nitrogen glovebox for measurement. The NC solids
are illuminated with the 488 nm line of an Innova 70C Spectrum Coherent Ar:Kr laser,
using neutral density filters to tune the intensity of the light at the sample to 30 mW/cm2.
Current-voltage measurements are carried out by a model 6517B Keithley electrometer.
Field-effect transistor measurements are performed in the bottom-gate top-contact
geometry. The substrates are degenerately doped silicon wafers with 250 nm thermally
grown SiO2, purchased from Silicon Quest, and serve as the gate and part of the gate
oxide of the FET geometry, respectively. For the CdSe and PbSe NC solid FETs, 20 nm
of Al2O3 is deposited on the SiO2 surface by atomic layer deposition using a Cambridge
Nanotech Savannah 200 system. A SAM of ODPA is prepared on the Al 2O3 surface
according to literature procedure,15 which has been previously used in PbSe nanowire16
and NC17 FET measurements to reduce hysteresis. For the CdTe NC solid FETs, the SiO2
surface is coated with a SAM of MPTS. NC solids, approximately 40 nm thick, are then
deposited by dip coating on the substrates. Thermal evaporation of top contacts with
channel lengths of 30-200 μm and widths of 450-3000 μm (W/L=15) are deposited
through a shadow mask in an evaporator integrated in a nitrogen glovebox. Au (50nm)
top contacts are used for the PbSe NC solid FETs and In (40 nm)/Au (50 nm) top
contacts, to realize ohmic contacts, are used for the CdSe and CdTe NC solid FETs. In
addition, 5 Å of lead is deposited over the completed PbSe NC FET device and 3-5 nm of
indium is deposited over the completed CdTe NC solid FET. The CdSe and CdTe NC
solid FETs are annealed at 250 °C for 15-30 min to dope the NC solids by thermal
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diffusion of indium. The CdTe NC solids are annealed only once, after the contacts and
the additional indium layer have been deposited. FET characterization is carried out using
an Agilent model 4156C semiconductor parameter analyzer in combination with a Karl
Suss PM5 probe station. All fabrication steps and characterization are carried out in a
nitrogen glovebox.
6.2 Assembly and Optical Characterization of SCN-Treated NC Solids
SCN-treated CdSe, CdTe, and PbSe NC thin film solids are successfully
assembled through successive dip coating in NC dispersions and NH4SCN solutions, as
illustrated in Figure 6-1a. UV-Vis absorption spectra are collected for SCN-treated NC
solids deposited with an increasing number of NC layers to characterize the NC solid
growth. For example, Figure 6-1b shows the absorption spectra collected after every fifth
successive dip coating and treatment cycle of a 30 layer thick CdSe NC solid. Absorption
spectra for the CdTe NC solids are provided in Figure 6-2. The absorbance at the
1Selectron-1Shole excitonic transition increases linearly with the number of deposited layers,
shown in the inset of Figure 6-1b, indicating that each dip coated cycle deposits a layer of
consistent NC thickness. The thickness of each layer dip coated from 5-10 mg/mL NC
dispersions is on the order of 1-2 NCs, measured by atomic force microscopy (AFM)
[Figures 6-2, 6-3, and 6-4]. Thin layers are used to assemble the NC solids as multiple
thin layers have been shown to produce better optoelectronic properties than fewer,
thicker layers.18 Optical images of SCN-treated NC solids with increasing numbers of
layers coated onto thermally oxidized silicon substrates enables visualization of the NC
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solid’s consistent and large scale uniformity. For example, images of CdTe NC solids
between 5 to 20 layers in thickness display excellent uniformity over the ~4 cm 2 areas
deposited [Figure 6-1c]. AFM measurements show these NC solids vary in thickness
from 30 nm (or approximately 6 NC monolayers) with a root-mean-square (RMS)
roughness of 0.7 nm to 100 nm, RMS roughness 1.174 nm [Figure 6-2]. Similar optical
images and AFM characterization of the CdSe and PbSe NC solids with increasing
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Figure 6-1. (a) Schematic of the dip coating process with vessels: (I) NC dispersion, (II)
NH4SCN solution and (III) rinse solvent. (b) Absorption spectra for SCN-treated CdSe
NC solids with increasing numbers of deposited layers: (purple) 5, (blue) 10, (teal) 15,
(green) 20, (pink) 25, and (orange) 30 layers. Inset: Absorbance at the 649 nm, 1Selectron1Shole resonance as a function of the number of dip coated layers. (c) Optical images in
reflection of SCN-treated CdTe NC solids on thermally-oxidized Si substrates. Number
of layers per NC solid (bottom to top): 5, 10, 15, 20. Scale bar = 1 cm.
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Figure 6-2. (a) AFM cross-sections of SCN-treated CdTe NC solids on thermallyoxidized Si substrates. Number of layers per NC solid (left to right): 5, 10, 15, 20. (b)
Absorption spectra for SCN-treated CdTe NC solids with increasing numbers of
deposited layers: (black) 5 layers, (red) 10 layers, (blue) 15 layers, (pink) 20 layers,
(green) 25 layers, (orange) 30 layers. Inset: Absorbance at 673 nm as a function of the
number of dip coated layers (total NC solid thickness).
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Figure 6-3. (a) Optical micrographs in reflection and (b) AFM cross-sections of SCNtreated CdSe NC solids on thermally-oxidized Si substrates. Number of layers per NC
solid (left to right): 5, 10, 15, 20. Scale bar = 1 cm.

115

Figure 6-4. (a) Optical micrographs in reflection and (b) AFM cross-sections of SCNtreated PbSe NC solids on thermally-oxidized Si substrates. Number of layers per NC
solid (left to right): 5, 10, 15, 20. Scale bar = 1 cm.

UV-Vis-NIR absorption spectra of SCN-treated NC solids are collected to
characterize the influence on electronic structure of the NH4SCN treatment, as shown in
Figure 6-5. Large red shifts and broadening in the 1Selectron-1Shole excitonic absorption of
the SCN-treated NC solids are observed in comparison to the excitonic absorption of the
as-synthesized NC solids, indicative of stronger electronic coupling between NCs as the
interparticle spacing is decreased upon NH4SCN ligand treatment [Figure 6-5 and Table
6-1], as has been previously predicted19 and reported for II-VI,2,8,20–22 III-V,23,24 and IVVI4,17,22,25 NC solids upon treatment with short ligands. This red shifting and broadening
may also be caused by the replacement of the metal-organic ligand shell with a metal116

SCN shell, similar to what has been seen previously for PbS NC solids treated with
(NH4)2S.26 The same comparison is made for SCN-treated CdSe and CdTe NC solids
annealed at 250 ˚C for 10 min to characterize the effects of the conditions employed in
FET fabrication. Greater red-shifting and broadening is observed, reflective of stronger
NC coupling as the interparticle spacing is further decreased as the SCN ligand
decomposes with annealing as expected,27 as discussed in Chapter 5, and as seen

normalized absorbance

previously.21

a

CdSe
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PbSe

CdTe
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Figure 6-5. Absorption spectra for as-synthesized (black) and SCN-treated NC solids
(red) assembled from (a) CdSe, (b) CdTe, and (c) PbSe NCs. Absorption spectra for
SCN-treated (a) CdSe and (b) CdTe NC solids annealed at 250 °C (blue). Spectra are
normalized and in some cases offset for clarity.
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As-synthesized
NC solids
Peak
Width
nm
meV

SCN-treated NC solids, 30 °C

SCN-treated NC solids, 250 °C

Peak
nm

Width
meV

Δp
meV

Δw
meV

Peak
nm

Width
meV

Δp
meV

Δw
meV

CdSe

642±0.5

60±3

656±0.5

58±3

40±3

-2±6

676±0.5

76±3

100±3

16±6

CdTe

673±0.5

71±3

687±0.5

84±3

40±3

13±6

723±0.5

128±2

120±3

57±5

PbSe

1749±0.5

86±1

1804±0.5

93±1

22±0.5

7±2

-

-

-

-

Table 6-1. 1Selectron-1Shole absorption peak position and width of NC solids as-synthesized
and SCN-treated.

Infrared absorption spectra of SCN-treated NC solids are collected to characterize
the efficacy of the NH4SCN ligand treatment in dip coating, as shown in Figure 6-6a. By
integrating the normalized CH absorption in the FT-IR spectra, the ligand treatment
reaction proceeded to 91%, 66%, and 74% completion for the CdSe, CdTe, and PbSe NC
solids, respectively, implying successful removal of the original organic ligands in the dip
coating process. The disparity in the degree of ligand removal between the CdSe and
CdTe NC solids is hypothesized to arise from a difference in the strength of the original
organic ligand binding, as oleate is more weakly bound to the CdSe NCs compared to
ODPA, TOP, and TOPO which more strongly bind to the CdTe NCs, as shown
previously.28 For the CdSe and CdTe NC solids a CN stretch is observed at approx. 2100
cm-1, showing that SCN is bound to surface Cd sites, in agreement with a previous
report.8 No CN stretch is observed in the PbSe NC solids spectrum, also in agreement
with previous reports17 for NH4SCN solid-state treatment of PbSe NC solids carried out
in methanol. This may be caused in part by remaining organic ligands that occupy Pb
surface sites. We also hypothesize that methanol may compete with SCN- for the PbSe
NC surface and/or methanol removes Pb-SCN+ during the ligand treatment, similar to
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what we have reported previously for NH4SCN ligand treatments performed in methanol
on CdSe29 and PbSe30 NC solids. It is likely that the same phenomenon occurs during the
NH4SCN treatment of dip coated CdSe and CdTe NC solids but to a lesser degree than in
the PbSe NC solids.
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Figure 6-6. (a) Infrared absorption spectra for as-synthesized drop cast NC solids (black)
and SCN-treated NC solids (red). Absorptions from C-H and C≡N stretching are labeled.
Spectra are normalized to the thickness of the NC solid and offset for clarity. (b) Smalland wide-angle X-ray scattering of NCs dispersed in hexane (black), SCN-treated NC
solids (red), and SCN-treated CdSe NC solids that have been annealed at 250 °C (blue).
(c) Low magnification and inset, high magnification, SEM images of SCN-treated CdSe
and CdTe NC solids that have been annealed at 250 °C and SCN-treated PbSe NC solid
prepared at room temperature. Inset scale bar = 40 nm.

119

6.3 Structural Characterization
Small- and wide-angle X-ray scattering patterns are measured to characterize the
structural effects of NC solid assembly with the NH4SCN ligand treatment from the assynthesized NC dispersions, as shown in Figure 6-6b. In the small-angle region of the NC
dispersion patterns, an oscillating scattering intensity is observed superimposed on a
sloping background, characteristic of the form factor for monodisperse spherical NCs.31
In the SCN-treated NC solids the form factor of the constituent NCs is modified, as the
structure factor arising from interference between neighboring NCs modulates the signal.
Scattering patterns are also collected for CdSe and CdTe NC solids annealed at 250 °C
for 10 min to characterize the structural effects of annealing as employed in the
fabrication of NC FETs. The small-angle region shows a decrease in the NC form factor
as the interparticle distance is further decreased upon thermal decomposition of the SCN
ligands.
In the wide-angle region, characteristic reflections are seen from the different
crystallographic planes of the NCs corresponding to the zinc blende lattice for the CdSe
and CdTe NCs and to the rock salt lattice for the PbSe NCs. The scattering patterns of the
NC solids reveal changes in the relative scattering intensities compared to those of the
NC dispersions, suggestive of a preferential orientation of the NCs in the solid, along the
(111) for the CdSe and CdTe NC solids and the (200) for the PbSe NC solids.
Preferential orientation is most pronounced in the PbSe NC solids, consistent with
previous WAXS patterns of SCN-treated PbSe NC solids.30 The patterns for the CdTe
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and PbSe NC solids also reveal a decrease in line width from those of the NC dispersions,
characteristic of nanocrystalline grain growth. No further line width narrowing is seen in
the scattering patterns of the CdTe NC solids upon annealing. No line width narrowing is
seen in the scattering patterns of the CdSe NC solids.
Scanning electron microscopy images are collected to characterize the nanoscale
structure of the SCN-treated NC solids, as shown in Figure 6-6c. The CdSe and CdTe NC
solids are annealed at 250 °C for 10 minutes prior to imaging. The images show that the
NC solids are densely packed, continuous, crack-free, and largely retain the original
shape of the NCs. In the PbSe NC solid, domains of superlattice order are observed, in
agreement with the large degree of preferential ordering suggested by the wide-angle Xray scattering

patterns and consistent with previous observations of dip coated Pb

chalcogenide NC solids.32
6.4 Electronic Characterization
To illustrate optoelectronic functionality, SCN-treated NC solids are integrated
into a two-terminal photoconductor geometry and conductivity measurements are made
in the dark and under 30 mW/cm2 illumination at 488 nm, as shown in Figure 6-7. In the
CdSe and CdTe NC solids the dark- and photo-currents increase linearly with increasing
electric field and do not saturate at the <104 V/cm applied electric fields, similar to what
has been seen previously for butylamine treated CdSe and CdTe NC solids.33 In the PbSe
NC solids the dark- and photo-currents increase exponentially with increasing electric
𝐼

field. The CdSe, CdTe, and PbSe NC solids exhibit photogains ( 𝐼𝑝ℎ ) of 77, 101, and 2,
𝑑
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respectively. Similar photogains of ~100 have been observed for CdTe NC solids treated
with butylamine under 32 mW/cm2 514 nm illumination at 1x106 V/cm.33 Photogains of
2-3 for PbSe NC solids treated with compact amines have been previously reported under
300 mW/cm2 broadband illumination.25 Dark- and photo-conductivity measurements
performed on SCN-treated CdSe and CdTe NC solids that have been annealed at 250 °C
for 10 min exhibit increased dark- and photo-currents with photogains of 4.4 and 135,
respectively, a decrease and increase in gain, respectively, compared to the unannealed
NC solids. The decrease in photogain in the CdSe NC solids is possibly caused by a
decreased carrier lifetime due to mid-band-gap trap states introduced by the thermal
decomposition of SCN as reported previously34. The absence of the same phenomenon in
the CdTe NC solids may be because the mid-gap state acts as a low-lying acceptor state
instead of a trap state, similar to a previous observation33 for Cd vacancy sites in CdTe
NC solids, which lie 0.3 eV above the valence band in bulk CdTe.35
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Figure 6-7. Dark- (black) and photo-current (red) at 30 mW/cm2 excitation at 488 nm. (a)
SCN-treated CdSe NC solid (―), and SCN-treated CdSe NC solid that has been annealed
at 250 °C (♦). (b) SCN-treated CdTe NC solid (―), and SCN-treated CdTe NC solid that
has been annealed at 250 °C (♦). (c) SCN-treated PbSe NC solid (―).
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SCN-treated NC solids are also integrated as the semiconducting channel layer in
FETs; output and transfer characteristics are shown in Figure 6-8. The CdSe NC solids
are doped by thermal diffusion of indium21 to yield n-type transport with an electron
𝐼

mobility of 13±2 cm2V-1s-1 and current modulation (𝐼on ) of ~105. CdTe NC solids are
off

typically expected to exhibit p-type conductivity33 but in this chapter we invert the
polarity of SCN-treated CdTe NC solids by thermal diffusion of indium to realize n-type
transport with an electron mobility of 0.05±0.03 cm2V-1s-1 and current modulation of
~102-3. The lower mobility observed in the CdTe NC solids as compared to the CdSe NC
solids is a result of inverting the polarity of conduction (from p- to n-type), as has been
witnessed previously.36 PbSe NC solids are doped n-type from non-stoichiometry by the
thermal evaporation of Pb17 to yield n-type transport with an electron mobility of 8.1±0.5
cm2V-1s-1 and a current modulation of ~102-103. Mobilities presented in this chapter are
the averages of those extracted from forward and reverse sweeps.

124

1000

a CdSe

-2

10

-5

10

-8

10

-5

10

-7



500
0

b CdTe

ID (A)

ID (A)

2

10

0

50

c PbSe

0
0

10 20 30 40 50 -50 -25 0
25
VDS (V)
VG (V)

50

10

-4

10

-5

10

-6

Figure 6-8. ID-VDS output characteristics and ID-VG transfer characteristics of SCNtreated NC solids in bottom-gate top-contact FET geometry. (a) SCN-treated CdSe NC
solid assembled on an ODPA-coated Al2O3/SiO2/n+ Si substrate, with indium/gold top
contacts. (b) SCN-treated CdTe NC solid assembled on an MPTS-coated SiO2/n+ Si
substrate, with indium/gold top contacts and 3-5 nm of indium deposited over the entire
NC solid. (c) SCN-treated PbSe NC solid assembled on an ODPA-coated Al2O3/SiO2/n+
Si substrate, with gold top contacts and 5 Å of lead deposited over the complete device.
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6.5 Superlattice Assembly by Dip Coating
To show that dip coating can be used to further manipulate the nanoscale structure
of NC solids, >100 nm-scale, polycrystalline superlattices are assembled by dip coating
from 25 mg/mL NC dispersions in toluene onto n-octyltriethoxysilane (OTS)functionalized, oxidized Si substrates. Toluene is chosen as the NC dispersion solvent
and OTS is chosen as the surface treatment because the combination makes for more
ordered, long range superlattices. Hexane and octane were also tried as dispersion
solvents and 3-mercaptopropyltrimethoxysilane (MPTS) and hexamethyldisilathiane
(HMDS) were tried as surface treatments. Figure 6-9 shows (a) TEM and (b) SEM
images and (c) grazing-incidence small-angle X-ray scattering (GISAXS) patterns of
hexagonally close-packed, polycrystalline PbSe NC superlattices assembled by dip
coating with a withdrawal speed of 25 mm/min. GISAXS measurements probe areas of
approximately 3 mm2, confirming that the polycrystalline superlattice extends over
millimeter regions of the NC solid.
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(a)

(b)

(c)

Figure 6-9. (a) TEM and (b) SEM images and (c) GISAXS patterns of single component
superlattices of spherical PbSe NCs. Scale bars are 50 nm.

Taking advantage of the scale-up ability of dip coating, Figure 6-10 shows a 100
mm scale PbSe NC polycrystalline superlattice assembled by dip coating on an OTStreated oxidized Si wafer. The optical image of the wafer shows the uniformity of the NC
solid over the coated region and SEM images taken at several places on the wafer
confirm the consistent polyscystalline superlattice order over the 100 mm scale.
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Figure 6-10. SEM images of different 50,000 nm2 areas across a PbSe NC superlattice.
The NC solid is assembled on a 100 mm oxidized OTS-treated Si wafer by dip coating
with a withdrawal speed of 25 mm/min. Scale bars are 100 nm.

This method is extended to a more complex binary crystal structure by dip coating
from co-dispersions of 5.4 nm PbSe and 3.4 nm PbS NCs in toluene with a withdrawal
speed of 50 mm/min. Figure 6-11 shows TEM images of binary NC superlattices
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(BNSLs) of PbSe and PbS NCs with (a) CaCu5 and (b) MgZn2 structure. The two phases
are achieved by dip coating from approximately stoichiometric co-dispersions of the
PbSe and PbS NCs, determined by pre-screening via the liquid–air interfacial method on
diethyleneglycol (DEG) to confirm BNSL formation.37 It has been shown previously that
the formation of BNSLs by slow evaporation is entropically driven, consistent with the
non-interacting hard sphere model.38,39 This argument is valid for the MgZn2 phase but
breaks down for the CaCu5 phase, which is less entropically favorable than phase
separation and reorganization into single component close-packed structures.39,40 CaCu5
phase formation is more likely explained by particle-particle and ligand-ligand
interactions, as seen previously for BNSL formation that cannot be explained by entropy
alone.41–45

(a)

(b)

CaCu5
20 nm

MnZn2
20 nm

Figure 6-11. TEM images of dip coated BNSL assemblies of 5.4 nm PbSe and 3.4 nm
PbS NCs in a (a) CaCu5 structure and in a (b) MgZn2 structure. Scale bars are 20 nm.

To demonstrate BNSL formation by dip coating on a device-relevant scale and
substrate, a 25 mm OTS-treated, thermally oxidized Si wafer is dip coated from a 4.5 nm
PbSe and 3.4 nm PbS NC dispersion, resulting in a uniform polycrystalline MgZn2
129

BNSL, as shown in Figure 6-12. The grain boundaries are occupied by the excess smaller
PbS NC component, shown in Figure 6-12b, as seen previously in BNSLs formed from
other methods.37,46,47 Further optimization of the large-to-small NC ratio, the ligand
concentration, the wetting properties of the substrate, and the dip coating parameters will
likely increase grain size and decrease discontinuities caused by grain boundaries.
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MnZn2
Figure 6-12. (a) Optical image of a 25 mm diameter thermally oxidized OTS-treated Si
wafer dip coated from a co-dispersion of PbSe and PbS NCs with a withdrawal speed of
25 mm/min. (b), (c), (d) SEM images showing polycrystalline MgZn2 phase BNSLs. The
scale bars are 100 nm for (b) and (c) and 20 nm for (d).
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6.6 Conclusion
In this chapter we demonstrate dip coating of high quality, ~4 cm2-area CdSe,
CdTe, and PbSe NC solids using the compact and environmentally benign ligand
treatment NH4SCN. This method is general and can be extended to assemble solids of
other semiconductor NCs, as the method is compatible with NCs of various sizes,
compositions, and crystal structures, and for NCs synthesized with different ligand
chemistries. We assemble SCN-treated NC solids several monolayers thick while
retaining quality and uniformity. Further, we verify that the NC solids show strong
electronic coupling that is favorable for electronic activity, enabling us to form highmobility and photoconductive semiconductors. We also demonstrate that >100 nm-range
ordered, single-component and binary NC superlattices are formed via dip coating by
starting with monodisperse NCs and the proper selection of solvent, substrate surface
treatment, and substrate withdrawal speed. The crystal structures of the NC solids are
characterized via TEM, SEM, and GISAXS measurements, showing formation of
superlattice structures over the entire dip coated NC solid.
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CHAPTER 7 Future Directions
7.1 Dip Coating Nanocrystal Solids for Solar Photovoltaic Application
In Chapter 2, we show that the NH4SCN ligand exchange reaction performed in
methanol on CdSe nanocrystal (NC) solids introduces surface Cd vacancies that serve as
mid-band-gap trap states, thus limiting photoconductivity by decreasing photogenerated
charge carrier lifetime. The treatment of SCN-capped CdSe NC solids with CdCl2 results
in an increase in photoconductivity and carrier lifetime from the passivation of Cd
vacancies. In Chapter 6, we show the assembly of high-quality, electronically-coupled
CdSe NC solids by dip coating with an NH4SCN ligand exchange reaction. Combining the
techniques from Chapters 2 and 6 we assemble electronically-coupled, reduced-trap CdSe
NC solids by dip coating using an NH4Cl ligand exchange reaction in acetone, instead of
NH4SCN in methanol, for solar photovoltaic applications. Replacing the ligand exchange
solvent prevents the introduction of Cd vacancies. NH4Cl is used instead of NH4SCN
because an NH4SCN ligand exchange integrated into the dip coating process causes
delamination of the NC solids. Figure 7-1 shows Fourier-transform infrared (FTIR) and
UV-Vis absorption spectra of dip coated, NH4Cl-treated, 8 nm diameter CdSe NC solids.
By comparison to dropcast NC solids of as-synthesized, oleic acid-capped CdSe NCs, the
ligand exchange reaction succeeds in removing 93% of the original oleic acid, calculated
by integrating the C-H absorption region, as shown in Figure 7-1a. The removal of the long
organic ligands allows a decrease in interparticle spacing and a relaxation of quantum
confinement (QC), consistent with the 2 nm red shift of the first absorption maximum of
the NH4Cl-treated CdSe NC solids compared to the dropcast, oleic acid-capped CdSe NC
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solids, as shown in Figure 7-1b. Upon annealing the NH4Cl-treated CdSe NC solids at 250
°C for 10 min the first absorption maximum exhibits a further red shift of ~33 nm and
broadens considerably, consistent with an extensive relaxation of QC.

Figure 7-1. Normalized (a) IR and (b) UV-Vis absorption spectra of NC solids of dropcast,
as-synthesized, OA-capped CdSe NCs (black), NH4Cl-exchanged, dip coated CdSe NCs
(red), and NH4Cl-exchanged, dip coated CdSe NCs annealed at 250 °C for 10 min.

A popular design of NC solar photovoltaics includes a bilayer structure of a highlydoped, transparent oxide, such as ZnO or TiO2, and a PbS or PbSe NC solid assembled
with a compact organic or inorganic ligand exchange.1–7 To increase photovoltaic powerconversion-efficiency (PCE) we assemble an NH4Cl-treated CdSe NC solid layer between
a ZnO NC solid transparent oxide layer and a ~3 nm diameter, 3-mercaptopropionic
(MPA)-treated PbS NC solid layer. Before deposition of the PbS NC solid, the CdSe/ZnO2
layers are annealed at 250 °C for 10 min (as shown in Figure 7-1b). Annealing promotes
further electronic coupling and QC relaxation in the CdSe NC solid, thus shifting the
conduction band away from vacuum, better forming a type II heterojunction with the PbS
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NC solid. Cyclic voltammetry is performed on the MPA-treated PbS and NH4Cl-treated
CdSe NC solids, as shown in Figure 7-2a, to verify type II energy level alignment, as shown
in Figure 7-2b. Conduction and valence band peaks were chosen in the cyclic
voltammograms such that the calculated band-gaps agree with the optical band-gaps
measured by absorption. The 1.3 eV band-gap of the PbS NC solids corresponds to a first
absorption maximum of ~953 nm, as expected for 3 nm diameter PbS NCs.8 The 1.78 eV
band-gap of the CdSe NC solids corresponds to a first absorption maximum of ~696 nm,
similar to what is observed above in Figure 7-1b. The reduction peak around 0 V in the
CdSe NC solid cyclic voltammogram (red curve) is oxygen-related, as we have seen
previously.9 The energy level diagram shows a conduction band offset of 380 meV and a
valence band offset of 600 meV, sufficient offsets for charge separation.

Figure 7-2. (a) Cyclic voltammograms and (b) energy level diagram of NH4Cl dip coated
CdSe (red) and MPA-treated PbS (black) NC solids.

Solar photovoltaic cells are fabricated from a ZnO/CdSe/PbS stack with ITO
bottom contacts and MoO3/Au top contacts, as shown in Figure 7-3a. A control cell is also
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fabricated without the CdSe NC layer. Current-voltage measurements are performed under
100 mW/cm2 solar simulated illumination, as shown in Figure 7-3b. The solar cells with
the CdSe NC layer (blue curve) show larger short-circuit photocurrent and smaller opencircuit voltage than the devices without a CdSe NC layer, resulting in a ~1.1x PCE
enhancement. The cause of the enhancement potentially is that the CdSe NC solid is
operating as a buffer layer, similar to CdS in copper-indium-gallium-selenide (CIGS) solar
cells.10

Figure 7-3. (a) Diagram of ZnO/CdSe/PbS solar cell with ITO bottom contacts and
MoO3/Au top contacts. (b) Current density vs. voltage characteristics for the solar cell
shown in (a) with (blue) and without (black) the CdSe NC solid layer.

In summary, we successfully integrate the benign ligand exchange agent NH4Cl in
acetone to assemble CdSe NC solids by dip coating and integrate the NH4Cl-treated CdSe
NC solids into a type II heterojunction with a PbS NC solid layer. We build CdSe and PbS
NC solids into solar photovoltaic cells that show increased performance compared to cells
without the CdSe NC layer. Further work is being done to increase the PCE enhancement
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by optimization of the CdSe NC ligand exchange and dip coating process and to understand
the cause of the observed PCE enhancement.
7.2 Admittance Spectroscopy on Surface Modified Nanocrystal Solids
It has been shown, such as in Chapter 2, that mid-gap trap states are detrimental to
NC optoelectronic and electronic devices because they can decrease charge carrier mobility
and lifetime.11–16 Several methods have been reported to passivate or otherwise fill trap
states, and indeed increased optoelectronic performance is realized by that strategy.11,17–21
A future goal is to identify and quantify trap states so we may better understand their origin
and the extent to which they can be and need to be passivated. Admittance spectroscopy is
an electronic technique that uses the frequency-dependent capacitance of a vertical
semiconductor junction, such as in solar cell geometries, to characterize the relative energy
and concentration of trap states in the semiconductor. The Schottky junction or p-n junction
creates a charge-depletion region in the semiconductor which serves as a capacitor (i.e. the
dielectric in a parallel plate capacitor). Figure 7-4a shows an example structure of a PbS
NC solid between a transparent conductive oxide (TCO) layer on glass and a MoO3/Au top
contact with a depletion region that extends from the TCO into the PbS NC solid.
Charging/discharging of trap states by a small AC field applied to the Schottky contact
(TCO) is measured as an increase in capacitance over the capacitance of the depletion
region alone. However, if the AC frequency is faster than the temperature-dependent
trapping/de-trapping rate of the trap state, only the depletion capacitance is measured. The
trapping/de-trapping rate gives rise to a temperature-dependent characteristic frequency,
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ω0, above which trap states will cease to respond to an AC field, which can be expressed
as

𝜔0 =

𝐸

𝑇
2𝜐00 𝑇 2 𝑒 − 𝑘𝑇

(7.1)

in which ω0 is the frequency in radians, υ00 is the attempt to escape frequency, a constant
of the material for a given trap state, T is the temperature in Kelvin, ET is the trap energy
relative to the transport band of the semiconductor and k is Boltzmann’s constant.
Capacitance vs. frequency measurements are taken and ω0 is determined by the peak
position in the change in capacitance [ω(dC/dω)] vs. frequency. The measurement is
repeated at varying temperatures and the 1/ω0 vs. T data points are plotted in an Arrhenius
plot and used to determine ET per the expression
𝐸𝑇
𝑘𝑇

1

− 𝑙𝑛(2𝜐00 𝑇 2 ) = 𝑙𝑛 ( )
𝜔0

(7.2)

ω(dC/dω) is also used to calculate the density of trap states by the expression

𝑁𝑡 (𝐸𝜔 ) = −

3
2
2𝑉𝑏𝑖

𝑑𝐶 𝜔

𝑊√𝑞√𝑞𝑉𝑏𝑖 −(𝐸𝐺 −𝐸𝜔 ) 𝑑𝜔 𝑘𝑇

(7.3)

along with Vbi, the built-in voltage of the junction, W, the depletion width, and q, the
elementary charge. Vbi and W are determined from capacitance-voltage measurement of
the device. On a plot of 1/C2 vs. V a portion of the data can be fit by linear regression and
extrapolated to 1/C2 = 0. That intercept point is taken as Vbi and the slope obtained by the

141

linear fit (

𝑑

1

( )) is used to calculate the carrier concentration, N, in the NC solid from
𝑑𝑉 𝐶 2

the expression
𝑑

1

1

2

𝑑𝑉 𝐶

𝐴2
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( 2) = ±

(7.4)

in which A is the area of the device, ε is the relative permittivity of the NC solid and ε0 is
the permittivity of vacuum. W is then calculated using the following expression.

𝑊=√

2𝜀𝜀0 𝑉𝑏𝑖
𝑞𝑁∓
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(7.5)

Figure 7-4. (a) Schematic of PbS NC-TCO device for measurement by admittance
spectroscopy. (b) Capacitance v frequency data of device shown in (a) measured at 200298 K (red-violet). (c) ω(dC/dω) v frequency of data shown in (b). Peak position is ω0. (d)
Trap density v energy calculated for 298 K data from (b) and (c). Data courtesy of Eric
Wong.

Figure 7-4b shows admittance spectroscopy data, capacitance vs. frequency, of the
device shown in Figure 7-4a for the temperature range 200 – 298 K. The PbS NC solid is
assembled on the TCO layer by repeated steps of spin-coating and subsequent 3mercaptopropionic (MPA) ligand exchange reaction. At low frequency the measured
capacitance is the combination of the depletion capacitance and a contribution from the
interaction of the AC field with the trap states. As the frequency increases past ω0 the AC
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field does not interact with the trap states and only the depletion capacitance is measured.
ω0 shifts to higher frequency with higher temperature because increased thermal energy
increases the trapping/de-trapping rate. Figure 7-4c shows the change in capacitance
[ω(dC/dω)] vs. frequency calculated from (b). The characteristic frequency, ω0, is
determined by the peak position at each temperature. Again, ω0 is seen to increase with
temperature. Using equation 7.2 a trap energy, ET, of 0.28 ± 0.02 eV is calculated, similar
to the value of 0.37 eV reported previously by admittance spectroscopy for PbS NC solids
assembled with a 1,2-ethanedithiol (EDT) ligand exchange.22 Figure 7-4d shows the trap
density at 298 K calculated from equation 7.3. The distribution is centered at 0.27 eV,
consistent with the ET = 0.28 ± 0.02 eV reported above and is roughly Gaussian in shape.
The trap density shown in Figure 7-4d is 3-4 orders of magnitude less than the previous
report for PbS NC solids treated with EDT.22 A trap density this low is unphysical, as it
would have no effect with typical carrier concentrations of 1015 and greater, and we
attribute this to an error in data analysis which we are working to improve.

Figure 7-5. 1/C2 vs. V plot of PbS NC solid (black). Linear fit extrapolated to zero shown
in red.
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Figure 7-5 shows the 1/C2 vs. V plot used to calculate Vbi, N, and W for the PbS
NC solid. The linear fit is shown as well, extrapolated to Vbi = 0.81 V. Using equations 7.4
and 7.5, Vbi, and the slope of the linear regression, a carrier concentration of ~2x1016 /cm3
and a depletion width of ~230 nm are calculated, similar to a previous report of
capacitance-voltage measurements on PbSe NC solids.23
In summary, we show preliminary admittance spectroscopy results for a PbS NC
solid that are similar to previous reports. The discrepancy in ET may be due to the different
ligand exchange agents used, MPA here, EDT in the literature report. Future efforts are
being conducted to improve data analysis and better determine the trap density. One
difficulty in the measurement that may result in error is the tendency for the evaporated top
contact, in this section Au, to penetrate through the NC solid preventing accurate
capacitance measurements by allowing alternate electronic transport pathways. Such
alternate electronic pathways may be avoided by making more complete, crack-free NC
solids. Further work is being conducted to investigate the influence of the recently-popular
metal-halide treatments24 on the relative energy and concentration of trap states and to
correlate these properties with solar photovoltaic performance.
7.3 Hybrid Ligand Exchange of CdSe Nanocrystal Solids
In Chapter 2 we present the solid-state NH4SCN ligand exchange on oleic acidcapped CdSe NC solids. In chapter 5 we use a solution-based NH4SCN ligand exchange to
make SCN-capped CdSe NC dispersions in dimethylformamide (DMF) which are
subsequently spincast into NC solids. Also in Chapter 5 we fabricate SCN-capped CdSe
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NC solids into a field-effect transistor geometry to study charge carrier transport and
concentration. In this section we combine the two ligand exchange processes in a hybrid
exchange procedure to realize CdSe NC solids with improved charge carrier transport. A
solution-state NH4SCN ligand exchange is done on as-synthesized, trioctylphospine
oxide(TOPO)-capped CdSe NCs, similar to what we present in Chapter 5 and has been
reported previously25, to remove the TOPO ligands and replace them with thiocyanate
(SCN) ligands that bind to the NC surface. The SCN-capped CdSe NCs are dispersed in
DMF and spincast into NC solids. These NC solids are then used in a solid-state NH4SCN
ligand exchange to remove remaining TOPO ligand. Further TOPO removal causes a
decrease in interparticle spacing and an increase in the electronic coupling of neighboring
NCs. The solid exchange is performed at near saturation of NH4SCN in acetonitrile to
reduce the amount of SCN removed from the NC surface during the additional exchange
step.

Figure 7-6. (a) IR absorption spectra and (b) FET transfer characteristics (ID-VG) of
solution-exchanged CdSe NC solids (black) and hybrid-exchanged CdSe NC solids (blue).
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Figure 7-6a shows the CN and CH stretching regions of the FTIR absorption spectra
of solution-exchanged CdSe NC solids spincast from DMF hybrid-exchanged CdSe NC
solids. The additional solid exchange is successful in removing ~66% of the organic ligand
remaining after the solution exchange. The solid exchange also removes ~40% of the SCN
left by the solution exchange. It is interesting to note that the CN stretching peak position
of the hybrid-exchanged NC solid is shifted to higher energy by 5-10 wavenumbers, which
suggests that the SCN removed during the solid exchange is a more weakly bound subpopulation of the SCN left by the solution exchange. As SCN is removed from the NC
solids, Cd may be removed from the NC surface as well. We are exploring this possibility
with energy-dispersive X-ray spectroscopy (EDS). Solution- and hybrid-exchanged CdSe
NC solids are n-doped by thermal evaporation and diffusion of indium26 and integrated into
an FET geometry to investigate the influence of the hybrid exchange on the carrier
transport of the NC solids. Figure 7-6b shows the measured ID-VG (VD = 50V) transfer
characteristics of the NC solids. The hybrid-exchanged CdSe NC solid exhibits higher on
and off currents and less hysteresis than the solution-exchanged NC solid. FET electron
mobilities of 31 and 2.6 cm2/Vs are calculated for the hybrid- and solution-exchanged CdSe
NC solids, respectively, demonstrating the increased electronic coupling and charge
transport realized by the hybrid exchange procedure. The increase in off current is
suggestive of NC fusing in the NC solid and we are investigating this by scanning electron
microscopy (SEM).
One disadvantage of solution-exchanged CdSe NCs is that they tend to aggregate
over time (<1hr) in the DMF dispersion and once aggregated form poor quality NC solids
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when spincast. The less remaining organic ligand on the NC surface, the quicker the NCs
will aggregate. By introducing the hybrid exchange process the solution exchange can be
tuned to leave more organic ligand on the NC surface, increasing the stability of the NCs
in dispersion, while still resulting in CdSe NC solids with high performance electron
transport. The hybrid-exchanged NC solids also adhere to a substrate better, making them
more flexible for post-processing, such as photolithographic patterning. Further work is
being done to optimize the solvent and NH4SCN concentration of the solid exchange
portion of the hybrid exchange procedure to reduce the amount of SCN removed and
increase the charge transport through the NC solid.
7.4 Probing Photogenerated Charge Carrier Dynamics Over Multiple Timescales
In Chapters 4 and 5 we present studies of photogenerated charge carrier decay in
PbSe and CdSe NC solids, respectively, using flash-photolysis, time-resolved microwave
conductivity (TRMC). The timescale measured by TRMC is limited by a resonant cavity
response time and is approximately 10 ns to 10 µs, of interest for NC solar photovoltaics
because it is in that time that photogenerated charges are most likely to diffuse to an
electrode for collection before decaying.27 Also, TRMC measures carrier lifetime and
mobility without the influence of metal-semiconductor junctions and without imposing a
significant shift in the Fermi energy of the material. Carrier dynamics that occur on
timescales faster than TRMC, <10 ns, such as Auger recombination and multiple-exciton
generation,28 are also of interest for photovoltaics. While TRMC is limited in response time
to >~10 ns, time-resolved terahertz spectroscopy (TRTS) can measure carrier dynamics on
timescales of <10 ns by a similar mechanism to TRMC. It is a future direction then to
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measure the photogenerated charge carrier dynamics in NC solids over multiple timescales
by TRTS and TRMC, particularly because the two measurements probe complementary,
continuous timescales. We have performed TRMC measurements on the popular
photovoltaic materials PbSe and PbS NC solids treated with several different ligand
chemistries. Normalized photoconductance transients are shown in Figure 7-7. The same
NC solids are being measured by TRTS and the combined data will be used to develop a
description of the photogenerated carrier dynamics across the two timescales.

Figure 7-7. (a) Normalized photoconductance transients of PbSe or PbS NC solids
prepared with PbI2 treatment (black, red), MPA treatment (purple), PbI2 and MPA
treatment (pink, orange), or with a TiO2 layer (brown, blue). (b) PbS NC solid region in (a)
expanded for clarity.
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CHAPTER 8 Concluding Remarks
In this thesis, we illustrate the influence of intentional and unintentional nanocrystal
(NC) surface chemical modifications on the electronic and optoelectronic properties of NC
solids. The goal is to better understand how to exploit the large surface-to-volume ratio of
NC materials to tailor the electronic and optoelectronic properties for high performance
optoelectronic devices, such as solar photovoltaics. In Chapter 2 we show that methanol
creates NC surface vacancies that reduce the carrier lifetime in CdSe NC solids. The
vacancies are filled and the lifetime is increased by treating the NC solids with CdCl 2. In
Chapter 3 we lay out the details of the flash-photolysis, time-resolved microwave
conductivity (TRMC) instrument built to study the mobility and lifetime of photogenerated
carriers in surface-modified, semiconductor NC solids. In Chapters 4 and 5 we demonstrate
the influence of NC surface non-stoichiometry and NC surface impurity doping on carrier
mobility and concentration and on photogenerated carrier mobility and lifetime in PbSe
and CdSe NC solids, respectively. In Chapter 6 we assemble high-quality, electronically,
and optoelectronically active CdSe, CdTe, and PbSe NC solids and PbSe single-component
NC superlattices and PbSe and PbS binary NC superlattices by dip coating. In Chapter 7
we integrate dip-coated CdSe NC solids with PbS NC solids into bilayer solar photovoltaics
with a power-conversion-efficiency enhancement compared to PbS NC-only solar cells.
Finally, we present three future directions to expand upon the results presented in this thesis
for the continued study of the effects of NC surface chemistry on the electronic and
optoelectronic properties of NC solids.
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